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Abstract 
The consumption of cement at present in the construction industry has increased 
manifold as it is widely used in the production of concrete and mortar, which are the 
most common construction materials. This has therefore put an immense pressure on 
the cement industry. This has led to environmental problems and ecological 
imbalances due to the extensive mining of limestone that has to be used in the 
production of cement. The engineers and scientists are therefore looking for 
alternative materials, which may ease the pressure on cement Industry. The 
production of polymer concrete (PC) using plastic waste is one such material, which 
besides being cost effective would also greatly solve the environmental problem 
arising from the disposal of plastic waste. 
The environmental catastrophe that erupted in the last few decades in the urban 
regions of India and spread into rural areas is primarily caused due to boom in the 
production of plastic products. No aspect of human life is untouched by plastics, as 
these are used in cars, computers, telephones, clothing, packaging etc. The packaging 
industry is the biggest consumer of plastics. Of various plastics that are being used in 
packaging, polyethylene terephthalate (PET), thermoplastic polyester is widely used 
in the manufacture of soft drink and mineral water bottles. These bottles are not 
reused by the manufactures and thus generate plastic waste, which is a serious 
environmental problem. Thus an effort is being made herein to propose an effective 
solution of waste disposal by recycling these PET bottles to produce the unsaturated 
polyester resin, which can be used as a binder in the production of polymer concrete. 
The use of plastic waste in its production will not only lowers the cost of polymer 
concrete it will also enable engineers to take advantage of its inherent structural 
properties. This will greatly encourage the use of polymer concrete which is most 
neglected in our country because of being expensive. 
Most of the studies carried out for the depolymerization of PET have discussed the 
role of various types of glycols and metal acetates to be used as catalyst in the 
process. The investigations carried out by some researchers to determine the load 
deflection and moment curvature responses, modes of failure, strength properties etc. 
of polymer concrete by using recycled polymer resin obtained from PET. The effects 
of PET glycol ratio, use of dibasic acids, and the type of initiator promoter 
combination on the strength of PC have not yet been investigated. Moreover the 
literature reveals that not a single study has been undertaken for the microscopic 
analysis of the hardened resin and hardened polymer mortar composite material. 
The moment of resistance determined by various researchers have not considered the 
tensile strength of polymer concrete and also have not given a rational procedure for 
the analysis and design of PC sections. The studies on the behaviour of PC under 
multi-axial state of stress have also not been reported in the literature. The researchers 
in the past have not studied the post cracking behaviour and the bond of PC made 
with recycled resin with reinforcing steel. 
The purpose of the present investigation was to develop an alternative binding 
material from waste polyethylene terephthalate (PET) bottles, which can be used in 
place of ordinary Portland cement in the production of concrete to be used as a 
construction material. The recycled PET plastic waste was depolymerized through 
glycolysis to produce unsaturated polyester resin (UPER). The UPER so produced 
was then used as a binding agent to produce polymer mortar (PM) and polymer 
concrete (PC). Nine different sets of PC were produced with PET to glycol ratio of 
1:1 and 2:1. The initiator p-omoter combinations taken were Methyl ethyl ketone per 
oxide (MEKP) and cobalt naphthanate (CoNp) in one group of sets while Benzoil per 
oxide (BPO) and N, N-diethyl aniline (NNDA) in other group of sets. 
For studying the behaviour of the material under load, various properties of polymer 
mortar and concrete such as compressive strength, split tensile strength, modulus of 
elasticity, flexural strength, shear strength and bond with reinforcing steel were 
investigated experimentally The behaviour of the material under multi-axial state of 
stresses was also investigated both experimentally and analytically. A rational design 
procedure has been developed for reinforced and un-reinforced polymer concrete 
beams. 
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The polymer resin may be produced by proper glycolysis of PET waste. The optimum 
conditions for the glycolysis of F'ET were observed at 190°C temperature, 8 hours of 
glycolysis time and 0.25% zinc acetate used as catalyst by weight of PET. The dibasic 
acids (maliec and phthalic anhydride) were added in the resin and the mixture was 
heated for eight hours at 190°C to obtain unsaturated polyester resin (UPER). The 
hardening of UPER may be achieved by adding initiators (MEKP and BPO) and 
promoters (NNDA and CoNp) 
In order to reduce the viscosity of the UPER and to facilitate the formation of cross 
linkages, styrene is mixed in the UPER. The resulting mixture may then be added in 
the inorganic aggregates along with initiator and promoter so as to produce polymer 
mortar or concrete. The polymer mortar and concrete composite was formed by the 
cross linking of styrene with the UPER in the presence of free radicals. The free 
radicals were provided by initiator benzoil per oxide (BPO) with N, N-diethyl aniline 
(NNDA) acting as promoter in group I and II. In the other groups i.e. (groups III and 
IV), the free radicals were provided by methyl ethyl ketone per oxide (MEKP) as 
initiator and cobalt naphthanate (CoNp) as promoter. 
The SEM picture of the polymer mortar matrix shows that it has a very low porosity 
in comparison to the cement mortar of even rich grade. The X-ray diffraction pattern 
of hardened polymer mortar composite material for different sets indicates the 
crystalline nature of the material, whereas the nature of hardened polymer resin is 
amorphous. This change of nature from amorphous to crystalline is due to the 
presence of aggregate (coarse sand). The weight loss of hardened polymer mortar is 
less than 0.5% at 200°C indicating thermal stability upto 200°C. After 700°C almost 
80% of the resin component of the polymer mortar composite material is 
decomposed. 
Out of the nine sets taken up in the present study, four were short listed based on 
compression characteristics of polymer mortar, which were taken for Investigations 
polymer concrete. These four sets were made of two types of initiator and promoter 
combinations with PET to glycol ratios of 1:1 and 2:1. The initiators considered were 
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methyl ethyl ketone per oxide (MEKP) and benzoil per oxide (BPO), while promoter 
were N, N-diethyl aniline (NNDA) and cobalt naphthanate (CoNp). The compressive 
strength of polymer mortar for the four sets was found to vary from 18 to 28 MPa. 
The microscopic studies were also conducted on hardened polymer mortar to 
determine the thermal resistance by thermo-gravimetric analysis, the morphology of 
the material through SEM photographs and the nature of material by X-ray 
diffraction. 
The detailed investigations carried out on polymer concrete include compression 
testing of cubes, split tension test, flexure test, bond test and determination of shear 
strength. Based on the analysis of the experimental results, two types of polymer 
concrete were found to be the best - one comprising of MEKP and CoNp as initiator 
promoter combination with PET to glycol ratio of 1:1 and the other produce with BPO 
as initiator and NNDA as promoter with PET to glycol ratio of 2:1.The compressive 
strength of the former was 42 MPa while that of the latter was 30 MPa. The flexural 
strength and shear strength of the two types of PC were more than the corresponding 
values of cement concrete of equivalent grade. 
The ultimate deflection of reinforced PC beams is 4 to 6 times that of the ultimate 
deflection of un-reinforced PC beams, thus indicating the ductile nature of reinforced 
PC beams. The failure of reinforced PC beams is through the development of 
distributed cracks in the middle third portion of the beam. The final failure of the 
beam is by widening of one of these cracks. 
The fiexural analysis procedure has been developed for plain and reinforced (singly 
and doubly) PC sections. An exhaustive methodology for its design of PC sections has 
been developed. The design is based on the behaviour of material as observed through 
experiments. The limit state approach of design has been adopted. The ultimate tensile 
strain of all sets of PC being more than the yield strain of HYSD steel bars of Fe 415 
grade steel, the PC will not fracture at the initiation of the yielding of steei, which is 
contrary to the ordinary cement concrete, whose ultimate tensile strain is much lower 
than the yield strain of steel. Thus the ordinary cement concrete gets cracked much 
before the initiation of the yielding of steel due to which the contribution of tensile 
strength of concrete is ignored in flexural analysis. It is due to this reason that the 
tensile strength of PC has been considered in the proposed flexural analysis. The 
tensile strength of PC in the cover portion of tension steel has been ignored for the 
simplicity of the analysis. However, flexural analysis by ignoring tensile strength of 
PC is also developed. The stress blocks to be used in flexural analysis have been 
proposed for compression as well as tension. 
The results of flexural analysis of plain and reinforced PC sections have been 
validated with the experimental results of plain and reinforced PC beams. The 
validation is good and acceptable. The moment curvatures relation of plain and 
reinforced PC beams is linear in the beginning followed by a flat curve. The value of 
ultimate strain for reinforced PC beams is 10 to 20 times that of yield strain, which 
shows that there is sufficient rotation capacity in the section thus permitting the 
application of limit state design of reinforced PC cross sections. 
The failure criteria for polymer concrete under combined states of stress have been 
developed. Two failure surfaces, namely Mohr-Coulomb and Drucker-Prager are 
suggested for failure modeling of PC. The model parameters of the two failure 
surfaces have been obtained from experimental results. The uni-axial compressive 
strength and uni-axial tensile strength of PC predicted from Mohr-Coulomb criteria 
developed from tri-axial testing of the material compare well with the uni-axial 
compressive and tensile strength determined independently. The inherent advantage 
of smoothness and continuity of flow direction makes the Drucker-Prager failure 
surface as a better choice than Mohr-coulomb surface for its adoption in practice. On 
the basis of the tri-axial test results, PC produced with MEKP as initiator is better than 
PC produce with BPO as initiator. 
On the basis of the results pertaining to the behaviour of polymer concrete of all the 
nine sets considered in the study, some of the sets are good in flexural response and 
some other are good in shear and bond behaviour. The best would be one, whose 
behaviour is good or at least acceptable for some of the parameters. The PC produced 
with MEKP as initiator with PET to glycol ratio of 1:1 and BPO as initiator with PET 
to glycol ratio of 2:1 is thus the best among all. 
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Chapter 1 
Introduction 
1.1 GENERAL 
Concrete at present is the most widely used construction material. The easy 
mouldability and the versatiiit) of this material, high compressive strength, and the 
use of steel as reinforcing bars to make up for its low tensile strength has contributed 
to the large scale use of concrete as a structural material [Sheti;y (1996), Neville 
(1994)]. 
Due to extensive knowledge, which is now available to the engineers, the use of 
cement has increased manifold. This has therefore put an immense pressure on the 
cement industry, which has to increase the production due to the growing demand of 
cement. This has led to environmental problems and ecological imbalances due to the 
extensive mining of limestone that has to be used in the production of cement. The 
engineers and scientists are therefore looking for alternative materials which may ease 
the pressure on cement Industry. The production of polymer concrete (PC) using 
plastic waste is one such material, which besides being cost effective would also 
greatly solve the environmental problem arising from disposal of plastic waste. 
The environmental catastrophe that erupted in the last few decades in the urban 
regions of India and spread into rural areas is primarily caused due to boom in the 
production of plastic products. Since plastic is a non-biodegradable material, its 
disposal remains a real challenge. Plastics have become an indispensable part of 
modern life. No aspect of human life is untouched by plastics, as these are used in 
cars, computers, telephones, clothing, packaging etc. The packaging industry is the 
biggest consumer of plastics. Of various plastics that are being used in packaging, 
polyethylene terephthalate (PET), thermoplastic polyester is widely used [Medhat, 
(2002)] in the manufacture of soft drink and mineral water bottles. These PET bottles 
can be recycled and the resin so obtained after recycling may be used as a binder for 
the production of polymer concrete. 
The concrete produced using cement as a binding material requires water for the 
hydration process and subsequent hardening and setting of cement. The quality of 
water used for mixing has a significant effect on the properties of hardened concrete. 
Various dissolved salts such as that of Manganese, Tin, Zinc, Copper, Lead and other 
dissolved solids as given in Table I.I have found to reduce the strength of concrete. 
Table 1.2 gives the permissibie values of solids in mixing water as per IS 456 of 2000. 
In many areas such as deserts, cold regions, hilly areas etc., the scarcity of water 
increases the cost of its procurement thus making it some times even costlier than the 
cement. But the concrete prepared using resin obtained from plastic waste as a 
binding agent is not affected in a way as cement concrete is affected because this 
polymer concrete does not require water for its setting and hardening, neither at the 
mixing stage nor during the curing process. 
Table 1.1 Tolerable concentrations of some impurities in mixing water 
Impurity 
Sodium and potassium 
Chlorides 
Sulphuric anhydride 
Calcium chloride 
Sodium iodate, sodium 
sulphate,sodium arsenate, sodium 
borate 
Sodium sulphide 
Sodium hydroxide 
Salt and suspended particles 
Total dissolved salts 
Organic material 
Tolerable concentration 
1000 ppm 
10,000 ppm 
3,000 ppm 
2 percent by weight of cement in non-
pre-stressed concrete 
Very low 
Less than 100 ppm 
0.5 percent by weight of cement 
2000 ppm 
15,000 ppm 
3000 ppm 
Table 1.2 Permissible limit for solids as per IS 456 - 2000 
Material 
Organic 
Inorganic 
Sulphates (as S03) 
Chlorides (as CI) 
Suspended 
Tested as per 
IS 3025 (part 18) 
IS 3025 (part 18) 
IS 3025 (part 24) 
IS 3025 (part 32) 
IS 3025 (part 17) 
Permissible limit (maximum) 
200 mg/1 
3000 mg/1 
400 mg/1 
2000 mg/1 for concrete work 
and 500 mg/1 for RCC work 
2000 mg/1 
1.2 PLASTICS, POLYMERS AND POLYMERIZATION 
The word plastic is derived from the Greek word plastikos meaning 'fit for moulding'. 
Therefore, plastic can be defined as organic or inorganic substance whether natural or 
synthetic, that can be moulded to any desired shape, whereas the word polymer is 
derived from two Greek words poly meaning 'many' and mers meaning 'parts' [Sinha 
(2000) and Fried (2002)]. Thus the polymer may be defined as the substance with 
many parts having long chain molecules produced by repeated joining of small 
chemical units (monomers) by covalent bonds [Gowarikar et al. (2003), Misra (1993), 
Morrison et al. (2005), Arora et al. (1996)]. The linkages may be linear or branched 
[Arora et al. (1996), Brydson (1996)]. For example butadiene, a gaseous compound 
having a molecular weight of 54 grows to a giant molecule having molecular weight 
of 200,000 by combining together by 4000 times viz. butadiene + butadiene + 
butadiene + butadiene = polybutadiene 
or 
Polyethylene molecule consists essentially of a long chain of repeating - (CH2) -
methylene group viz. - CH2 - CH2 - CH2 - CH2 - CH2 - CH2 - CH2 - CH2 -. 
The chain may contain 1000 to 10,000 methylene groups with higher molecular 
weights and are termed as high polymers or macromolecules. Table 1.3 gives the 
repeating units of some well-known plastics [Billmeyer (2002), Brydson (1996), 
Gowarikar e/fl/. (2003)]. 
Table 1,3 Some linear high polymers, their monomers and their 
repeat units 
Polymer 
Polyethylene 
Po]y(vinyl chloride) 
Polystyrene 
Polyisobutylene 
Monomer 
CH2==CH2 
CH2 = CHCl 
CH2 = CHC6H5 
CH3 
1 
CH2 = ^ 
CH3 
Repeat Unit 
- C H 2 - C H 2 -
- CH2 - CHCl -
- CH2 - CH -
1 
C6H5 
CH3 
1 
-CH2-C 
CH3 
1.2.1 Polymers: A Brief History 
Polymers have existed in natural form since the beginning of life and have played 
crucial roles in the process of life. Early-Man exploited the naturally occurring 
polymers like wood, cotton, cellulose, starch etc. as materials of basic requirements 
for clothing, shelter, tools etc. However the origin of the modem plastic Industry can 
be attributed to the developments in 19"^  century with the modifications of certain 
natural polymers [Young (1991)]. But it is not true that some of the materials that are 
now classified, as plastics v/ere unknown before this time, since the use of the natural 
plastics may be traced back into antiquity. The book of Exodus (chapter 2) reads 
about the Mother of Moses "when she could no longer hide him, she took for him an 
ark of ball brushes and dashed it with slime and with pitch, and put the child therein 
and she laid in the flags by the river's brink". Biblical commentaries indicate that 
slime is same as bitumen, but whether or not this is so, it was a pre-cursor to the 
modern fibre-reinforced plastic boats [Brydson (1996)]. in ancient Egypt, Mummies 
were wrapped in the cloth dipped in the solution of bitumen and oil of lavender, 
generally known as Syrian Asphalt or Bitumen of Judea. The solution hardens and 
becomes insoluble on exposure to light, suggesting chemical cross-linking. In modem 
times, the process has great significance in the vulcanization of rubber and the 
production of thermosetting plastics. 
In ancient India a natural resin Lac was being used as mentioned in the Vedic 
writings. In fact John Huyglen on one of his scientific missions to India in 1596 on 
the instance of King of Ponugal, found that the people were using shellac for covering 
objects. Cast mouldings were also prepared from shellac by ancient Indians. In 
Europe the use of sealing wax based on shellac can be traced back to the Middle Ages 
and the first patent for shellac mouldings was introduced in 1868. 
In the fifteenth century, Columbus on one of his voyages found the natives of Central 
America playing with lumps of solid mass, which was produced by coagulation of the 
latex obtained from a tree called Weeping Wood. The material was later termed as 
rubber because of its ability to rub off pencil marks [Gowarikar et al. (2003)]. The 
coagulated rubber was highly elastic and could not be shaped by moulding or 
extrusion. In 1820 an Englishman, Thomas Hancock found that if the rubber is highly 
sheared or masticated, it becomes plastic and was capable to flow, which was due to 
the severe reduction in the molecular weight of rubber. 
In 1839 an American Charles Goodyear, reported that rubber when treated with 
sulphur retained its elasticity over a wider range of temperatures and has greater 
resistance to solvents, than the raw material. At the same time, Hancock found that 
the plastic masticated rubber could be regenerated into an elastic material by heating 
with molten sulphur. The rubber-sulphur reaction was termed as Vulcanization by 
William Brockendon, a friend of Thomas Hancock. In 1851 Eibonite was produced 
when both Goodyear and Hancock found that if rubber was heated with large 
quantities of sulphur (about 50% of rubber), it gets converted into hard product. It was 
also termed as Vulcanite or hard rubber. Goodyear subsequently obtained the patent 
for producing the hard rubber in 1851. Its discovery was considered a milestone in the 
history of rubber Industry, as it was the first thermosetting plastic material that was 
produced by a distinct chemiical modification of the natural material. 
In America, John Wesley Hyatt, in 1865 used Cellulose Nitrate to produce billiard 
balls and termed the material as celluloid. Nearly at the same time Christian 
Schonbein, a Swiss scientist was able to produce 'Gun Cotton' a nitro derivative of 
naturally occurring polymer cellulose. The product soon became of interest as an 
explosive and in the manufacture of collodion, a solution in an alcohol-ether mixture. 
Later on in the decade 1931 - 1940 four of the today's major thermoplastics viz. 
polystyrene, polyvinyl chloride (PVC), the polyolefms and poly methyl methacrylate 
were developed. In the mid 1930's, W.H. Carothers developed Nylon. 
Before World War II, most of the plastics were produced from natural resources. For 
example the most important class of thermoplastic cellulosics, was produced from 
cellulose obtained from vegetable matter. Also early grades of polyethylene were 
obtained from sugar cane via molasses, ethyl alcohol and ethylene. Casein and Shellac 
were animal based plastics. 
Until the mid 1950's coal was the main source for the raw material of the European 
Plastic Industry, as its destructive distillation yields the following four products: coal 
tar, coke, coke gas and ammonia. Coal tar was the important source of the aromatic 
chemicals such as benzene, toluene, phenol, naphthalene etc. From these materials 
some important plastics such as phenolic resins, polystyrene and nylons were 
produced. 
But today the plastic industry is heavily integrated with oil industry, leading to the 
development of petro-chemical industry. The ethylene nowadays used for 
polymerization and other purposes is obtained almost entirely from petroleum, while 
polyethylene in the early days otherwise was produced from molasses via ethyl 
alcohol and ethylene. Thus with each succeeding year in the I950's and I960's, more 
emphasis was given towards petroleum than coal and vegetables sources as raw 
material for polymers. Today products like terephthalic acid, styrene, benzene, 
formaldehyde, vinyl acetate and acronitrile are produced from petroleum sources. 
There are three general routes for producing intermediates from petroleum: 
i) Separation of individual saturated hydrocarbons from petroleum fractions and 
subsequently being converted to more useful products like n-butane to 
butadiene and cyclohexane to nylon intermediates. 
ii) Separation of olefins produced by cracking operations, leading to the 
production of aliphatic petrochemicals, 
iii) The aromatic structures such as benzene and its homologous produced by 
platforming and other processes. 
The above three initial classes can be converted to other chemicals by halogenation, 
oxidation, hydration, alkylation, tolomerization etc. The spectacular growth in the 
production of polymeric material since 1939 can be gauged from Fig. 1.1 [Brydson 
(1996)]. 
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Figure 1.1 World and USA production of plastics 
1.2.2 Classification of Polymers 
Polymer is a generic name attributed to a large number of materials having high 
molecular weight. These materials are produced from a variety of chemical 
compounds that undergoes polymerization under different reaction conditions. The 
resulting polymer find use in various applications due to their range of physical, 
chemical, mechanical, thennal and electrical properties [Gowarikar et al. (2003), 
Arora et al. (1996), Fried (2002)] and thus can be classified accordingly. They may be 
categorized under the following heads, which are described in subsequent sections: 
i) Natural and synthetic polymers 
ii) Thermoplastic and thermosetting polymers 
iii) Plastics, elastomers, fibres and resins 
iv) Organic and inorganic polymers 
v) Homochain and hetrochain polymers 
vi) Homopolymers and copolymers 
1.2.2.1 Natural and Synthetic Polymers 
Depending on their origin polymers can be grouped as natural or synthetic. Those 
isolated from natural sources such as cellulose, silk, cotton, rubber etc. are the natural 
polymers. Whereas Polymers synthesized from low molecular weight compounds 
obtained mainly from petroleum fractions are termed as synthetic polymers. 
Polyethylene, poly vinyl chloride (PVC), nylon, terylene, polyester etc. are some of 
the examples of synthetic polymers. 
1.2.2.2 Thermoplastic and Thermosetting Polymers 
On the basis of thermal processing behavior the polymers can be grouped into two 
types viz. Thermoplastics and Thermosetting polymers. In the case of linear polymer 
that is not cross linked, it should be possible that the molecules, under shear force and 
above a certain temperature to slide past each other, such that the molecules have 
enough energy to overcome the intermolecular forces of attraction, leading the 
material to flow i.e. it becomes plastic above a certain temperature. But below this 
temperature the material remains solid. Thus a thermoplastic material is a high 
molecular weight material, which is not cross linked and has a linear or branched 
structure as shown in Fig. 1.2. Due to this property the waste thermoplastic material 
such as polyethylene terephthalate (PET) bottles can be recovered and 
reused/reprocessed by the application of heat and pressure. Polyamides and 
polypeptides like nylon and wool respectively; polyesters like polyethylene 
terephthalate; ethers; polyurethane like elastomers; polycarbonates; cellulose polymer 
like cotton, regenerated rayon (viscose rayon), cellophane etc. are some of the 
examples of this type of polymer [Fried (2002), Brydson (1996), Arora et al. (1996), 
Harper (2000) Billmeyer (2002)]. 
The thermosets on the other hand are cross-linked through covalent bonds at the time 
of polymerization or by subsequent chemical or thermal treatment during fabrication. 
These polymers once formed cannot be reprocessed by the application of heat and 
pressure. Principal examples are Bakelite, melamine, epoxy resins, phenol-
formaldehyde resins, unsaturated polyesters etc. 
Linear Branched Cross-linked 
Figure 1.2 Linear, branclied and cross-linked structures 
1.2.2.3 Plastics, Elastomers, Fibres and Resins 
On the basis of physical properties and use, the polymers can be classified as plastics, 
elastomers, fibres or liquid resins. For example when a polymer is fabricated into a 
hard and tough utility article it is then categorized as plastic, such as polystyrene, 
PVC, melamine, bakelite, PET bottles etc. The rubber and silicon rubber when 
vulcanized exhibits good elastic properties, strength and elongation, are then used as 
elastomers. When the polymers are transferred into long wire like materials whose 
length is at least 100 times its diameter, then the polymers are converted into fibres. 
Typical examples are nylon and terylene. The polymers such as epoxy resin, which 
are used as adhesives, sealants etc. are termed as liquid resins. 
1.2.2.4 Organic and Inorganic Polymers 
The polymer whose backbone chain is made essentially of carbon-carbon (C - C) link 
is classified as organic polymer [Gowarikar. et al. (2003)]. The atoms attached to the 
side valancies of carbon may be that of hydrogen, nitrogen, oxygen, sulphur, chlorine 
etc. Whereas an inorganic polymer may be defined as a polymer whose backbone 
chain does not have carbon atom. Glass and silicon are the examples of inorganic 
polymer. Also polygermane is an inorganic polymer, which is analogous to 
polyethylene, an organic polymer as given in Fig. 1.2. 
1.2.2.5 Homochain and Hetrochain Polymers 
The polymer having the backbone made entirely of single type of atoms is placed 
under homochain polymers and the polymers whose backbone chain is made of 
different types of atoms is classified as hetrochain polymer. Typical examples of 
homochain and hetrochain polymers are given in Fig. 1.3. 
H H H H H 
Polyethylene ~C — C — C — C — O 
I I I i ! 
H H H H H 
Organic 
Homo 
Chain 
Polymer 
H H H H H 
Polygermane ~Ge — Ge — Ge — Ge — Ge~ 
H H H H H 
O O H H O 
Polyethylene ~0 — C — (CH2)4 — C — 0 — C — C — O — C 
Adipate | | 
H H 
Inorganic 
Homo 
Chain 
Polymer 
Organic 
Hetrochain 
Polymer 
CH3 CH3 CH3 
Silicon polymer ~Si — 0 — Si — 0 — Si — 0 ~ 
CH3 CH3 CH3 
Figure 1.3 Organic, inorganic, homochain and hetrochain polymers 
Inorganic 
Hetrochain 
Polymer 
1.2.2.6 Homopolymers and Copolymers 
When the backbone of polymer contains repeat units of same monomer it is then 
classified as homopolymer. Polyvinyl chloride and polyvinyl acetate are the examples 
of homopolymers as shown in Fig. 1.4. The polymers having more than one type of 
repeat units are termed as copolymers [Fried (2002)] as shown in Fig. 1.4. Some other 
examples of copolymers are rubber-styrene copolymers, polyurethanes, polyamides 
and polyester copolymers [Floslaniec et al. (2002)]. 
Vinyl Chloride Monomer: 
CH2 —CH 
CI 
Vinyl Acetate Monomer: 
CH2 —CH 
OCOCH3 
Polyvinyl Chloride Homopolymer: 
~CH2 —CH —CH2 —CH —CH2—CH~ 
CI CI CI 
Polyvinyl Acetate Homopolymer: 
~CH2 —CH —CH2 —CH —CH2—CH~ 
OCOCH3 OCOCH3 OCOCH3 
Poly(vinyl Chloride - Vinyl Acetate Copolymer): 
~ CH2 — CH — CH2 — CH — CH2 —CH — CH2 —CH ~ 
CI CI OCOCH3 CI 
Figure 1.4 Homopolymers and Copolymer 
Now in general if A and B represent the two monomers, then the structure of 
homopolymers and copolymers can be represented as: 
Homopolymers 
—A—A—A—A—A—A—A—A— 
—B—B—B—B—B—B—B—B— 
and 
—A—A—B—B—A—B—B—B—A—A—A— Copolymer 
The copolymers are further classified as random, alternate, block and graft 
copolymers. Fig. 1.5 gives the schematic representation of various copolymers and 
Fig. 1.6 gives the summary of classification of polymers. 
Random 
—A—A—B—A—B—B—B—A—A—A—A—B—B—A—B—B-
Alternating 
—A—B—A—B—A—B—A—B—A—B—A—B—A—B—A—B-
Block 
—A—A—A—A—B—B—B—A—A—A—B—B—B—A—A—A-
Graft I 
B 
B 
B 
—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A— 
B B 
B B 
B B 
Figure 1.5 Possible structures of copolymers containing A and B repeat units 
13 
Basis of classification 
Physical Properties Thermal behavior Chemical structure Origin 
1. Natural 1. Glass 
2. Synthetic 2. Elastomers 
3. Fibres 
4. Foams 
5. Liquid Resins 
1. Thermoplastics 
2. Thermo-sets 
Figure 1.6 Classification of polymers 
1.2.3 Types of Polymerization 
1. Organic 
2. Inorganic 
3. Homochain 
4. Hetrochain 
5. (A) Homo-polymer 
a) Straight chain 
b) Branched 
c) Cross linked 
5. (B) Co-Polymer 
a) Random 
b) Alternate 
c) Block 
d) Graft 
Polymerization is the process, which allows simple low molecular weight compounds 
to combine and form a complex higher molecular weight compound. To achieve this 
purpose each molecule of the compound should have the capability to react at least 
with other two molecules of the same or other compounds, or in other words it has a 
functionality of at least two and depends upon the number of reactive sites present in 
a compounds. Low molecular weight compounds having a functionality of at least 
two or more are called monomers. For these monomers to polymerize, a suitable 
chemical reaction has to be initiated. This chemical reaction then enables the 
monomer molecules to combine at the reactive sites or through the functional groups 
to form higher molecular weight compounds. 
The process of polymerization may be achieved by the following two types of 
polymerization techniques: 
i) Chain polymerization 
ii) Step polymerization 
1.2,3.1 Chain polymerization 
Chain polymerization is characterized by self-addition of the monomer molecules to 
each other, very rapidly through a chain reaction, and the product has the same 
elemental composition as that of the monomer. The bi functionality is provided by the 
double bond present in the monomer, and the compounds containing reactive double 
bond can, therefore undergo a chain polymerization reaction. For example styrene 
[CH2=CHC6H5] is one such compound that has reactive double bond and can undergo 
polymerization. Chain polymerization has three main steps: 
i) Initiation 
ii) Propagation 
iii) Termination 
The process of chain polymerization consisting of the above three steps can be 
achieved by one of the following mechanisms. 
i) Free radical polymerization 
ii) Ionic polymerization 
iii) Coordination polymerization 
1.2.3.1.1 Free radical polymerization 
The polymerization or the polymer chain growth is initiated by the free radicals that 
are produced by the decomposition of thermally unstable compounds called initiators. 
The term 'chain growth' represents the process in which continuous and very rapid 
addition of monomer units take place to form a polymer molecule or a polymer chain. 
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If R:R is an initiator witli the pair of electrons as represented by dots forming the 
bond between the two R's and when the energy is supplied to this compound, it splits 
into two symmetrical components, each component carrying one electron. Such 
decomposition is called as homolytic decomposition, and the two fragments each 
carrying one unpaired (lone) electron are called free radicals, which can be 
represented as R*. The decomposition of the initiator to form free radicals can be 
induced byheat energy, light energy or catalyst. Some of the initiators with their free 
radicals are given in Table 1.4. 
The following reaction illustrates the decomposition of the initiator benzoil per oxide 
under the influence of heat. 
0 0 O 
II II H e a t II 
O ) - c - 0 - 0 - C - ( o ) • 2 ( o > - C - 0 * 
2 (o)* +2C02 
Initiation 
The free radical produced from initiator consists of an unpaired (lone) electron, which 
has the tendency of pairing with another unpaired electron in order to get stabilized. A 
free radical is therefore highly reactive and can attack any molecule, which either has 
a lone electron or is prepared to part with one of its electrons, especially that in the 
outer orbit having a loose bond with the nucleus. This process is termed as the process 
of initiation. The free radical R* attacks the double bond in the monomer, resulting in 
the following chemical charge: 
R' + CH2 =CH->R- CHj -' CH 
i 
.V ,V 
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Table 1.4 List of initiators with their free radicals 
Commercial 
Name 
Benzoil per oxide 
Hydrogen per 
oxide 
Metliyi ethyl 
l<etone per oxide 
Tert butyl hydro-
peroxide 
Peracetic acid 
Perbenzoic acid 
Tert butyl peroxide 
Chemical Structure 
0 0 
(o)-c-o-o-c-(o; 
H O - O H 
CH3. / O - OL /CH3 
/ ^ C 
C2H5 OH 0\f ^ C2H5 
CH3 
C H 3 - C - O - O H 
CH3 
0 
II 
C H 3 - C - O - O H 
0 
AA I  
\ o ; _ c - o - O H 
CH3 CH3 
C H 3 - C - 0 - 0 - C - C H 3 
CH3 CH3 
Free radical 
0 
2<o)-C-0*and<S> 
•OH 
•OH 
CH3 
C H 3 - C - 0 ^ , •OH 
CH3 and 
•CH3 
C H 3 - C 0 0 ^ , •CH3and 
•OH 
(o)-COO^, ® and 
•OH 
CH3 
C H 3 - C - 0 * a n d ' C H 3 
CH3 
The above reaction clearly indicates that the free radical site is shifted from the 
initiator fragment to the monomer unit. This entire process in which the free radical 
obtained from the homoly.ic decomposition of the initiator, attacks the monomer 
molecule and then attaches the monomer molecule to itself, and while doing so, 
simultaneously transfers the free radical site from itself to the monomer unit is termed 
as initiation step. 
Propagation 
In the propagation step free radical site created in the initiation stage at the first 
monomer molecule attacks the double bond of the fresh monomer molecule, resulting 
in the linking up of the first monomer to the second monomer unit, and the transfer of 
the radical site from the first monomer to the second, in the same vv-ay as that in the 
initiation step is illustrated by the following equation: 
R - CH2 -' CH + CH2 ^CH-^R-CH2- CH- CHj -' CH 
I I I I 
X X X X 
It is clear from the above equation the chain still contains a free radical site at its end 
carbon atom and is therefore capable of attacking yet another monomer molecule with 
transfer of radical site to the new monomer, and simultaneously getting attached to 
that new monomer molecule. This process involving a continuing attack on fresh 
monomer molecules, which in turn keep on adding successively to the growing chain 
one after another, is termed as propagation. 
Termination 
The propagation continues till the chain growth is stopped by the free radical site 
being killed due to impurities or by sheer termination process or till there is no further 
monomer is left for attack. Thus the process in which the product molecule formed do 
not contain any free radical site, and cannot grow further is termed as the termination 
process and results in the deactivation of the growing chain leading to the formation 
the polymer. 
1.2.3.1.2 Ionic Polymerization 
The ionic mechanism also involves an attack on the outer electron pair of a monomer, 
either by the positive or negative ion. In this mechanism a proton is introduced into a 
monomer, which then pulls the outer pair of electrons of monomer towards itself and 
18 
the positive charge of the proton is then transferred to the farther end of the monomer 
molecule, forming a carbonium ion. This process thus results in the shifting of the 
positive charge from the proton to the monomer unit, and the growth of polymer chain 
is initiated, as the proton attaches itself to the monomer unit. The positive carbonium 
ion so produced attacks the next monomer molecule and pull it over, the positive 
charge being transferred to the farther end of the second monomer molecule, thus 
setting up a chain reaction. In this chain reaction the separation of the outer electron 
pair does not takes place as in the case of free radical polymerization, but the pair of 
electron as a whole is displaced leading to the formation of carbonium ion as given 
below. 
+ + 
CH - C H + CH ^ CH ^CH^ - C H -CH2 - C H 
X X X 
The termination occurs when a collision between the growing carbonium i.e. C^  ion 
and an anion takes place or when all the monomer units are exhausted. 
1.2.3.1.3 Coordination Polymerization 
Polymerization reaction, especially that of olefins and dienes, catalyzed by organo-
metallic compounds, fall under the category of coordination polymerization. The first 
step in this process is the formation of a monomer-catalyst complex between the 
organo-metallic compounds and the monomer. In the formation of the monomer 
catalyst complex, a coordination bond is developed between a carbon atom of the 
monomer and the metal of the catalyst, and hence the polymerization process is 
termed as coordination polymerization. 
1.2.3.2 Step Polymerization 
In step polymerization, the polymer build-up proceeds through a reaction between 
functional groups of the monomers. The reaction takes place in a step wise manner 
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and the polymer buildup is slow (unlike in chain polymerization where the chain 
growth is very rapid). Some of the step polymerization reactions are: 
i) Polycondensation 
ii) Poly-addition polymerization 
iii) Ring-opening polymerization 
1.3 DISPOSAL PROBLEMS OF PLASTICS 
In recent times the solid v/aste disposal especially that of non-biodegradable plastic 
has been a challenging problem. The United States alone consumes annually about 53 
billion pounds of plastics for various uses [Harper (2000)]. When the life cycle of 
these polymers is completed they generally end up in landfills. But the degradation 
process of plastics in a landfill is very slow, further aggravating the solid waste 
problem. 
The amount of solid waste can be reduced either by recycling or bio-degradation. 
Recycling of plastics is being carried out in various countries both at the 
manufacturing and consumer level. The use of biodegradable plastic is another way to 
reduce the solid waste problem. Most of the solid waste is disposed by burial in a 
landfill, where oxygen is depleted and biodegradation proceeds without the presence 
of oxygen. Therefore the alternative may be the aerobic composting [McCarthy 
(1993)]. Whereas the cellulose films or other polymer obtained from natural sources 
are biodegradable that is bacteria easily attack them, but the films and packaging 
material from synthetic polymers produced from petroleum sources are normally 
attacked at a very slow rate. Due to this reason methods have been evolved to degrade 
polymers to a sufficiently lower molecular weight, which then becomes amenable to 
biodegradation [Brydson (1996)]. 
Biodegradation can be accomplished in two ways: 
i) Chemical Degradation 
ii) Microbial Degradation 
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Chemical degradation includes degradation by: 
a) Oxidation 
b) Photo degradation 
c) Thermal degradation 
d) Hydrolysis 
The microbial degradation includes degradation by both bacteria and fungi. The 
degree of degradation depends upon the backbone structure of the polymer [Carrahar 
(1996)]. For example the polymers with hydrolysable backbone are more likely to be 
degraded by the attack of acids or bases due to the breaking down of their molecular 
weights. The polymers that fall into this category are most of the natural based 
polymers such as polysaccharides, and synthetic material like polyurethane, 
polyamides etc. 
1.4 Polyethylene Terephthalate (PET) 
Polymers that contain carbon in the backbone chain are more resistant to 
biodegradation, for example polyethylene terephthalate (PET). PET has essentially 
carbon group in its backbone chain as shown in Fig. 1.7. 
o o 
- C — ^ 3 ^ — C — 0 —(CH2)2 — O -
n 
Fig 1.7 Structure of PET monomer 
PET is thermoplastic polyester, having tremendous commercial applications such as 
an injection moulding grade material, for blow-moulded bottles [Harper (2000)]. It is 
widely used in the manufacture of soft-drink and mineral water bottles, high strength 
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fibres, and photographic films and for the replacement of commercially used metals 
and glass [Jaquiss et al. (1982), Brozenick (1986-87), Margolis (1986-87)]. PET is 
synthesized by condensation/step growth polymerization between ethyl glycol and 
terephthalic acid, where dimethyle terephthalate is reacted with ethylene glycol in a 
ratio of 1:1.7 [Iroh (1999)]. It is generally semi crystalline thennoplastic polyester but 
a clear and transparent amorphous PET is produced by quenching the polymer melt. It 
is impermeable to air and is hydrophobic. The other properties of PET are as given in 
Table 1.5. [Mark, et al (1985); Kamia, et al. (1974); Hall, (1984); Sperling, (1992); 
Palys et al. (1980) and Rubin (1990)]. 
1.5 RECYCLING 
Recycling may be defined as an activity involving reclamation, recovery or reuse of 
materials or in other words any method that may be used to extract value in the form 
of energy or material from the waste generated at any time in the cradle to grave life 
cycle of the product may be defined as recycling. Recycling of the materials of 
general use, such as metals, paper and glass has been practiced for the last many 
hundred years mainly for economic reasons. 
During the last thirty years or so, the polymeric material has by and large replaced 
such conventional materials like glass and metals in large volume applications, such 
as clothing, food packaging etc. The in plant recycling of the industrial plastic waste 
has been carried out since the beginning of the commercial production of plastics. But 
due to ecological considerations, it was only after 1980's, that cost effective 
technologies were developed for recycling the post consumer plastics [Nadkarni 
(2002)]. It has been well recognized that recycling of plastics would not only help in 
solving the solid waste disposal problem, but it would also helps in conserving the 
limited petrochemical resources as the products made from recycled plastics results in 
the saving of 50% energy as compared to making the same product from virgin resins. 
Fig 1.8 shows the typical recycling process of the plastics. 
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Thermoplastic polyesters are the versatile class of polyesters, out of which PET is the 
most cost effective and widely consumed polyester, constituting almost 95% of the 
total global polyester consumption, at about 25 million tons per year. 
Table 1.5 Properties of PET 
Property 
Molecular confirmation 
Molecular weight of 
repeat unit 
Weight average molecular 
weight 
Unit cell 
Lattice constants 
Number of chains 
Number of monomers 
Glass transition 
temperature Tg 
Melting temperature Tm 
Breaking strength GQ 
Young's Modulus E 
Flexural modulus of 
rigidity 
Ultimate strength 
Yield strength 
Impact strength 
Hardness 
Coefficient of thermal 
expansion 
Water absorption 
Units 
gm/mol 
gm/mol 
degrees 
K 
K 
MPa 
MPa 
Mpa 
% 
% 
J/m 
K-' 
% 
Condition 
X-ray 
diffraction 
DSC 
DSC 
Tensile 
3-point flexure 
Tensile 
Tensile 
Notched Izod, 
ASTM 0256-
86 
Rockwell 
TMA 
After 24 h 
Value 
Nearly Planer 
192 
30,000-80,000 
Triclinic 
a = 4.56 b = 5.94 c =10.75 
a = 98.5|3=112Y= 111.5 
1 
1 
342-388 
538 
50 
1700 
2000 
180 
4 
90 
R105 
9.1x10"' 
0.5 
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1.5.1 Significance of PET Recycling 
PET is being widely used in large volume applications, such as textile fibres for dress 
material, bottles and containers for liquid packaging, industrial fibres tyre cords and 
safety belts, audio video tapes. X-ray and photographic films etc. as given in Table 
1.6 [Nadkami (2002)]. 
Virgin 
Polymer 
Resin 
1 
• 
Fabricator 
v , 
> . Consumer 
\ 
Regrindiing 
/ 
' 
Discarded 
article 
' 
^ 
' 
Collection 
\ / 
Cleanini; *• Separation 
Landfill 
Incineration 
Fig 1.8 Flow diagram for plastic recycling 
Table 1.6 V/orld annual consumption of PET (k tons) 
End Use 
Fibres/Filaments 
Bottles 
Film 
Others 
Total 
1990 
8,500 
1,200 
900 
900 
11,500 
1994 
11,200 
2,500 
1,000 
1,000 
15,700 
2000 
17,000 
6,000 
1,200 
1,000 
25,200 
2005 
20,000 
10,000 
1,500 
1,200 
32,700 
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The PET consumption in the production of fibres is expected to grow, as the 
production of cotton seems to have saturated at about 20 million tones per year 
[Johnson (1999)]. Therefore the clothing needs of the growing world population have 
to be met with more cost effective PET fibres. Whereas the other major source of PET 
consumption i.e. bottles and containers has shown a growth rate of about 10-12% per 
anum due to their widespread use in carbonated drinks and mineral water, specially in 
the markets of the developing countries like India and China [Prasad (2000)]. The 
estimated production of soft drink bottles alone as per the Ministry of food processing 
industry of India was about 6600 million bottles in 2001-2002. If mineral water 
bottles are also included then this figure may exceed 25000 million bottles in 2006-
2007. 
The production of such a large amount of PET has created an environmental problem 
of gigantic proportions as ii does not decompose readily in neiture due to its slow 
biodegradabiiity [Chen, Cheng-Ho (2003), Pimpan et al. (2003), Kint et al. (1999)], 
and hence could be thought of as a noxious material. Therefore for the last few years 
the European countries are trying to formulate a policy on plastic recycling through 
legislation/regulations [Nadkami (2002)]. At present only about 5% of the world 
annual consumption of PET is recycled. From the ecological and economic point of 
view, it is necessary that strategies are developed/evolved for recycling the post-
consumer PET waste. The recycling of PET will also offer environmental benefits, 
challenging and rewarding opportunities to entrepreneurs in different countries to set 
eco friendly industries, producing useful and beneficial products from PET waste. 
Therefore in order to meet ihe marketing and legislative demands for environmental 
friendly products and processes, there has been a significant development in PET 
recycling technologies [Guclu et al. (1998), Krzan. (1998)]. The manufacturers of 
consumer products are also therefore forced to think about cradle-to-cradle life cycle 
of every product through a close loop recycling approach (Fig. 1,6). 
1.5.2 Types of Recycling 
Though the recycling of plastics has been practiced by the plastic industry for many 
years, the attention was only to the recycling of industrial scraps and homogenous 
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post consumer plastics, which were easy to collect and reprocess. But recently the 
plastic industry has started recycling the heterogeneous plastic waste using new 
technologies of separation and reprocessing [Manas et al. (2007)]. 
Depending upon the type of the product obtained from the recycling process and the 
percentage of the economic value recovered, the recycling technologies can be 
broadly classified into four categories: 
i) Primary recycling i.e. reuse of the material 
ii) Secondary or mechanical recycling 
iii) Tertiary or chemical recycling 
iv) Quartemary or thermal recycling 
1.5.2.1 Primary recycling 
Primary recycling involves process scrap, or a single clean waste type. It is carried out 
when the plastic waste is uniform and uncontaminated and can be used again in the 
same form such as the reuse of plastic beverage bottles. It is often considered an 
avoidance of waste rather than recycling. But in the primary recycling the material 
worthiness is compromised leading to the loss of properties such as appearance, 
mechanical strength, chemical resistance and processability. 
1.5.2.2 Secondary recycling 
In the case of post-consumer mixed plastic waste (MPW), which cannot be used 
directly, the industry used the secondary recycling methods. The secondary recycling 
of MPW may be of different types such as: 
• Reprocessing based on melt homogenization using specialized equipments 
• Use of ground plastic waste as filler 
• Separation into single homogenous fractions for further reprocessing, such as 
partial substitution of virgin resins and blending with other thermoplastics using 
suitable compatibilizers 
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While the PET waste is the most dominant part of the municipal soHd waste (MSW) 
and can be recycled through this process by re-melting the solid flakes or granules in 
an extruder for pelletizatior into chips or direct melt processing into value added 
products such as hollow fibres for filling, partially oriented yarns, strapping for 
packaging, sleeping bags, pillows etc. 
1.5.2.3 Tertiary recycling 
In the tertiary or chemical recycling of plastics waste, polymers are chemically 
unzipped or thermally cracked to recover monomers or petrochemicals respectively, 
which are indistinguishable from the virgin material. 
The PET waste is depolymerised into a monomer or in partial chain cleavage to 
oligomers. The oligomers so produced may be reconverted into PET by 
polycondensation or these may be used for the production of unsaturated polyester 
resin by subsequent chemical reaction with other monomers such as styrene. The 
different methods for chemical recycling of PET waste may be categorized as: 
• Regeneration of base monomers by methanolysis for producing dimethyl 
terephthalate (DMT) and hydrolysis for producing pure terephthalic acid (TA) 
• Conversion into oligomers by glycolysis/alcoholysis or solvolysis 
• Use of glycolyzates for value added products 
• Conversion into speciali':y chemicals by aminolysis or ammonolysis 
• Conversion into speciality intermediates for use in plastics and coatings 
Glycolysis The depolymerization of PET in the presence of alcohols (glycols) at 
elevated temperatures (180 - 250°C) occurs due to the hydrolytic scission of the 
polyester chains and the process is generally termed as solvolysis. Glycols are 
preferred for depolymerizing PET, since the resulting reaction product may be 
reconverted into polymeric resins by their use. The glycolytic degradation of polyester 
is also termed as "glycolysis". The most commonly used reagents for the glycolysis of 
PET are ethylene glycol (EG), Diethylene glycol (DEG), and propylene glycol (PG). 
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When the PET waste is depolymerized with glycol in the presence of metal acetate 
such as zinc acetate as a catalyst, Bis-2-hyclroxy ethylene terephthalate (BHET) 
monomer and oligomers are produced as given below: 
ro o ^ 
- C — < ^ Z ^ — C —O —(CH2)2 — O 
V. PET 
+ HO-CH2-CH2-OH 
Temperature 
+ Catalyst 
0 
^ n 
0 
EG 
HO - CH2 - CH2 - 0 - C — < S > — C - 0 - CH2 - CH2 - OH 
BHET 
The BHET and lower oligomers so produced are then reacted with maliec and 
phthalic anhydride to produce unsaturated polyester resin. These unsaturated polyester 
resins (UPER) have to be soluble in styrene monomer a most commonly used cross-
linking reagent to produce thermosetting polyesters, which can be used in glass 
reinforced plastics and polymer concrete. 
Hence glycolysis has turned out to be the most effective and commercially viable PET 
recycling technique, as the process can be carried out in a batch or continuous mode 
in a small or large-scale unit with low capital investment, unlike methanolysis that 
requires a minimum plant capacity of 50,000 tons per year to be commercially 
successful [News Item, (1999)]. 
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1.5.2.4 Quarternary recycling 
In this type of recycling, the calorific value of the plastic waste is recovered through 
incineration. This process is especially effective in the case of mixed solid waste 
where plastics are mixed with other wastes. 
1.6 SCOPE AND OBJECTIVES OF PRESENT STUDY 
1.6.1 Scope 
The enormous production of MSW, of which the major component is the plastic 
product has led to an environmental catastrophe in the urban regions of India and has 
spread into the rural areas as well. Since plastic is a non-biodegradable material its 
disposal still remains a real challenge and therefore the proper utilization of this waste 
is important. Polymer concrete is one of such ways of utilizing this potentially 
dangerous waste material. 
Polymer concrete is a high performance composite material consisting of polymer 
resin as a binding material and a well graded inorganic aggregates. It has a high 
degree of strength and durability, hardens rapidly and can be used in many 
engineering applications [Flabeiz et al. (1991)]. It can be effectively used in various 
structural pre-cast applications such as drains for acid waste, underground vaults and 
junction boxes, sewer pipes, power line transmission poles, transportation related 
components such as median barriers, bridge panels, rail road ties etc. 
The main disadvantage of polymer concrete is the relatively high cost of the material 
due to the fact that its resin component is expensive (the cost of the filler material is 
comparatively negligible). A lower source cost of resin is therefore very important for 
the success of polymer concrete industry. Therefore recycled PET plastic waste can 
be chemically modified to produce unsaturated polyester resin. The main advantage of 
recycled PET in polymer concrete is that the PET waste does not have to be purified, 
including removal of colors to the extent that other PET recycling applications might 
require (coats, pillows, carpets etc.), which should minimize the cost of resin based on 
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recycled PET. The recycling of PET in polymer concrete applications also helps in 
saving of energy and providing for a long term disposal of the PET waste, an 
important consideration in the recycling applications ' 
The present study therefore envisages the production of low cost polyester resin from 
the recycled PET bottles, thereby ensuring the development of alternative 
cementitious material in place of cement. The large-scale use of recycled PET, will 
not only help in conserving the ecological balance, and solve some of the solid waste 
problems and save energy, but also it will open up opportunities for the chemical 
industry for producing unsaturated polyester resin based on PET. The use of resin 
based on recycled PET has cost effective applications for the masses and especially 
for the construction industry as lighter members and less curing time reduces the cost 
of construction. The findings will go a long way in providing alternative and futuristic 
materials for sustainable development. 
1.6.2 Objectives 
The objective of the present study is to use the resin obtained from post consumer 
PET bottles as a binding agent in place of cement in concrete structural elements. The 
research so carried will cover the following: 
i) Production of unsaturated polyester resin from plastic waste (PET) 
ii) Microscopic analysis of saturated (cured) resin and the polymer mortar so 
obtained 
iii) Procedure of producing polymer concrete and to determine its mechanical 
properties 
iv) Behavior of reinforced polymer concrete 
v) Development of analysis and design methodology for PC sections 
vi) Development of models for failure surfaces of the material under multi-axial 
state of stress. 
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1.7 ORGANIZATION OF THESIS 
The present work is distributed into eight chapters. The first, which is the present 
chapter introduces the solid waste disposal problems, the historical background of the 
development of plastics, recycling of plastics and recycling of PET in particular. The 
chapter also enlists the objectives and scope of the work. 
The second chapter covers the literature review related to the depolymerization of 
PET by glycolysis to produce unsaturated polyester resin (UPER) and the effect of 
various factors on the glycolysis and curing of unsaturated polyester resin. The use of 
UPER obtained from recycled PET waste and other monomer systems and epoxy 
resins as binding agents in polymer concrete have been discussed. 
The third chapter deals with the experimental programme involving the 
depolymerization of PET waste through glycolysis and subsequent synthesis of the 
unsaturated polyester resin and the optimum conditions for the glycolysis of PET 
were established. Various physical and chemical properties of the hardened polymer 
mortar composite material prepared with a particular PET to glycol ratio (1:4) were 
determined and are presented in the chapter. 
Fourth chapter presents the detailed experimental investigation carried out to study 
the compressive strength of polymer mortar and compressive strength, split tensile 
strength, modulus of elasticity, and Poisson's ratio of polymer concrete, prepared with 
UPER obtained using different PET glycol ratios. The thermal resistance of hardened 
polymer resin and polymer mortar is reported in this chapter. The chapter also deals 
with the procedure of manufacturing polymer concrete test specimens and equipments 
used. 
The fifth chapter deals with the extensive experimental investigations that present the 
flexural, shear and bond strength of polymer concrete test specimens. The flexural 
strength of reinforced and un-reinforced polymer concrete beams, shear strength at 
various shear span ratios and the bond of polymer concrete with reinforcing steel has 
been investigated for different types of polymer concrete and results are compared 
with that of ordinary Portland cement concrete. 
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The sixth chapter is devoted to the development of rational design procedure for the 
reinforced and un-reinforced polymer concrete beams. The post cracking behaviour of 
PC under direct compression is also discussed in the chapter. The moment of 
resistance obtained from the relations developed is compared with the experimentally 
obtained bending moment for the four types of plain and reinforced PC beams 
considered for the study. 
In the seventh chapter, the behaviour of polymer concrete under multi-axial state of 
stress has been discussed. The experimentally obtained results of tri-axial tests are 
reported, which are then subsequently used in the analysis of the material under multi-
axial state of stress. Two simple models namely Mohr Coulomb criterion and Drucker 
Prager criterion have been used to develop the models for the failure surface of 
polymer concrete under mu!ti-axial state of stress. 
Chapter 8 presents the main conclusions of the study and identifies the scope for the 
future research. 
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Chapter 2 
Literature Review 
2.1 INTRODUCTION 
Polymer concrete is used for structural applications where strength, durability and 
ease in moulding provide an advantage over alternative materials. But the cost of 
polymer concrete produced from virgin polymer resin is quite high and therefore an 
alternative low cost polymer resin is required to cut down the cost of polymer 
concrete. The post consumer PET bottles provide an excellent alternative for 
producing low cost unsaturated polyester resin (UPER) through recycling of these 
PET bottles. The UPER may then be used as a binding agent in producing polymer 
concrete. 
The use of polymer concrete was started around 1950 in USA but it was only in the 
late seventies or in the beginning of 1980 that the use of recycled plastic material as a 
binding agent in polymer concrete was started. 
In this chapter the literature pertaining to the recycling of PET by various methods 
and the production of polymer concrete and its properties has been critically 
reviewed. The review of literature pertaining to the conventional polymer concrete is 
also presented. 
2.2 DEPOLYMERIZATION - GLYCOLYSIS OF PET 
Over the years glycolysis has been used as the most cost effective and commercially 
viable process for the chemical recycling of PET waste. The work on glycolysis was 
started in the mid seventies and few patents were also introduced [MacDowel, (1965); 
Morton, (1972) and Ottrowski, (1975)] and the process is in commercial use since 
then. The research carried out by investigators about the effects of various factors on 
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the glycolysis of PET and curing behavior of unsaturated polyester resin has been 
reviewed and presented herein. 
The glycolysis of PET leads to the production of bis-hydroxyethyl terephthalate 
(BHET) monomer and its oligomers from the PET waste in the presence of excess 
ethylene glycol as reported by Vaidya and Nadkarni (1988, 1989). At the same time 
Baliga and Wong (1989) investigated the effects of metal acetates [Zn, Pd, Mn, Co] as 
catalyst on the depolymerization of PET under reflux at 190°C and observed that zinc 
acetate was the most effective catalyst. In the same study, the authors have also 
investigated the glycolysis reaction of green and clear recycled PET bottle flakes and 
observed that the pigment present in the green bottle flakes did not affect the extent of 
depolymerization of PET, although it tends to discolour the glycolysis product. On the 
other hand Chen et al. (1991) studied the effect of pressure on the glycolysis of PET 
by carrying out depolymerization in a pressurized reactor at temperature between 
190°Cand240°C. 
PET glycolyzates find applications in the manufacture of thermosetting type 
unsaturated polyester resins that can be used as binding agent in polymer concrete or 
as a matrix material in a glass reinforced plastics. For this process, the hydoxyl 
terminated glycolyzates are reacted with maliec and phthalic anhydrides to form 
unsaturated polyesters. These polyesters have to be soluble in styrene, a most 
commonly used cross-linking agent. It was reported by Vaidya et al. (1987) that 
unsaturated polyesters obtained from ethylene glycol (EG) based PET glycolyzates 
are inmiscible in styrene while those polyester resins that are obtained from propylene 
glycol (PG) are compatible with styrene. 
Later Kao et al. in 1996 investigated the catalytic glycolysis of PET by using the 
technique of differential scanning calorimetry. They carried out the experiments under 
a nitrogen atmosphere of 600 psi. Out of the five metal acetates namely Cobalt acetate 
[Co(CH3COO)2.4H20]; Cupric acetate [Cu(CH3COO)2.2H20]; Manganese acetate 
[Mn(CH3C00)2.4H20]; Sodium acetate [Na(CH3COO)2.3H20]; and Zinc acetate 
[Zn(CH3COO)2.2H20] that were used for the glycolysis, Zinc acetate was found to be 
the most effective of all the metal acetates as catalyst. 
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Lee et al. (1997) studied the effect of recycled polyethylene terephthalate (RPET) 
content and the glycol type on the curing behaviour of unsaturated polyester resin 
based on RPET and found that the curing behaviour of the UPER based on RPET is 
similar to that of conventional resin. The rate of cure increased with increasing RPET 
content of UPER based on propylene glycol and decreased with increasing RPET 
content of UPER based on dipropylene glycol (DPG). 
It has been reported by Lusinchi et al. (1998) that polyurethanes, based on polyester 
polyols prepared from the reaction of depolymerized product of PET with a reactant 
caprolactone and extended with hexamethylene diisocyanate, are fully miscible with 
poly vinyl chloride (PVC), leading to acceptable mechanical characteristics of the 
blend. 
Guclu et al. (1998) investigated the glycolysis of PET waste in ethylene glycol (EG) 
or propylene glycol (PG) with zinc acetate as catalyst in Xylene at 170°C to 240°C. 
The EG dissolves sparingly in Xylene, whereas PET dissolves easily in EG above 
170°C. thus the glycolysis reaction was conducted in PET-EG droplets dispersed in 
Xylene during the initial stage. As the reaction proceeds, part of the oligomers thus 
produced get transferred to the Xylene phase, thereby increasing the EG/PET ratio 
and shifting the equilibrium to depolymerization. The other advantages of using 
Xylene were improved stirring of the reaction medium at low EG/PET ratios, ease of 
separation of oligomers and excess EG, and the purity of the products, since most of 
the products were found to be soluble in Xylene phase. 
Yet in another development at the same time, Krzan (1998) used the microwave 
radiation as the energy source for PET solvolysis and found that it resulted in 
significantly shorter reaction time for the complete PET degradation than those 
obtained using conventional heating methods. The main advantage of microwaves 
over conventional heating sources is that the irradiation penetrates and simultaneously 
heats the bulk of the material. He investigated the glycolysis of PET flakes (10-15 
mm in size) in methanol, propylene glycol and polyethylene glycol (PEG-400). It was 
observed that complete PET degradation was achieved 4 minutes in methanol, and in 
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6 minutes in propylene glycol, whereas 81 % of PET was depolymerized in 8 minutes 
in PEG-400. 
Jong-wu et al. (1999) carried out glycolysis of PET oligomers in excess EG in the 
presence of zinc acetate as a catalyst at 190°C. They also conducted experiments 
without a catalyst, and observed that even after 10 hours, a considerable amount of 
PET oligomer flakes remained in the reactor, whereas in the presence of catalyst the 
PET oligomer flakes disappeared after 2 hours. This shows that the presence of zinc 
acetate as a catalyst is essential to facilitate the glycolysis of PET. The result they 
obtained were the same as described by Baliga and Wong (1989) in their experiments 
of PET polymer depolymerization in excess EG with zinc acetate as catalyst. 
Suh et al. (2000) reported about the mechanical properties and processing 
characteristics of unsaturated polyester resins which were prepared by reacting the 
glycolyzed PET using PG and diethyl glycol (DEG) with maliec anhydride at 150°C. 
The cure behaviour and the tensile properties of the cured resin based on glycolyzed 
PET were also investigated. 
For the depolymerization of PET by solvolysis, the glycolysis temperature, glycolysis 
time, and amount of catalyst are the important factors. In order to determine the effect 
of these factors on the glycolysis of recycled PET flakes, Chen et al. 2001 applied a 2^ 
factorial experimental design to study the main, two factor interaction, and three 
factor interaction effect of glycolysis temperature, glycolysis time and amount of 
catalyst on the glycolysis of recycled PET flakes. The authors determined the 
optimum values of the glycolysis temperature, glycolysis time and the amount of 
catalyst on the depolymerization of PET and found that the optimum value of 
glycolysis temperature at which the glycolysis conversion was almost 100% was 
190°C and the glycolysis time at this temperature was 1.5 hours and the amount of 
catalyst was 0.002 mol. 
Lu et al. (2001) conducted studies on the preparation and curing behaviour of 
unsaturated polyester resin obtained from recycled PET. The oligomers obtained by 
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the glycolysis of PET, were then reacted with maliec anhydride to produce 
unsaturated polyester resin. This unsaturated polyester resin was then used to study 
the curing reaction with styrene using differential scanning calorimetry. 
The use of supercritical fluids is yet another method for degrading polymeric 
materials. Supercritical fluids have properties of both liquids and gas phases. The 
supercritical fluids having density close to that of liquids and have the ability to 
dissolve many compounds. Also its high diffusivity and low viscosity enables it to 
behave like a gas. Such dual property of supercritical fluids tends to maximize the 
yield of the product in the stipulated reaction time without the use of catalyst. Many 
researchers like KoU and Metzger (1978) used supercritical acetone to study the 
degradation of cellulose. Whereas for the depolymerization of PET, Kim et al. (2001) 
reported the use of supercritical methanol in a batch type autoclave reactor and 
obtained dimethyl terephthalate(DMT). They observed that total conversion and the 
yield of DMT increases with rise in temperature and was almost 97% at 300°C. 
Medhat (2002) successfully achieved a modification in the mechanical properties of 
cured unsaturated polyester resins which was obtained by subjecting the glycolyzed 
product of PET waste to polyesterification reaction with maliec anhydride (MA) and 
p-hydobenzoic acid (PHBA). PHBA was mainly added to investigate its effect on 
improving the mechanical properties of the cured polyester and to determine the 
values of Young's Modulus and maximum compressive strength. Shukia and 
Kulkami (2002) used two alkalis namely sodium carbonate and sodium bicarbonate as 
catalyst for the depolymerization of PET and compared the results i.e. the yield of 
bis(2-hydroxyethylene terephthalate) (BHET) using the above alkalis with the yield of 
BHET by using conventional metal acetates (zinc and lead acetates) as catalysts. They 
found that the yield of BHET was highest at 67.63% when zinc acetate was used and 
a lowest yield of 65.43%) was obtained with sodium carbonate. Thus the two alkali 
catalysts showed nearly the same efficiency of depolymerization. 
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2.3 POLYMER CONCKETE USING UNSATURATED POLYESTER 
RESIN BASED ON RECYCLED PET 
The development of new composite materials that are stronger and durable than the 
conventional materials is essential for the improvement and development of the 
infrastructure of the nation. Polymer concrete (PC) is one such material that can be 
alternatively used in the construction industry. PC is produced from a resin, which 
may be monomer or prepolymer and inorganic fillers such as coarse aggregate made 
of quartzite, sand and other fillers like fly ash etc. The resulting product is a strong 
and durable material which cures rapidly i.e. in few hours or in a day or two, whereas 
the conventional cement concrete product cures in few days or weeks. But the high 
cost of the resin component used in the production of polymer concrete has restricted 
the commercial development of polymer concrete and PC based products. 
Therefore in recent years some work has been carried out to produce low cost 
unsaturated polyester resin based on based on recycled polyethylene terephthalate 
(PET) bottles [Vaidya and Nadkami (1987)]. Karim et al. (1994) used the unsaturated 
polyester resin (UPER) obtained from PET waste bottles for producing polymer 
concrete. They procured the resin from various chemical companies and determined 
the various mechanical properties such as compressive strength, flexural strength, 
Young's modulus etc. of the polymer concrete produced using 10% of resin by weight 
of aggregate. In the same year Sleiman el al. (1994) evaluated the structural behaviour 
of reinforced polymer concrete beams using recycled polyethylene terephthalate 
(PET) waste. Steel fibres v/ere also used in some of the beams. The authors 
investigated the load-deflection and moment curvature responses, modes of failure, 
cracking pattern, strength properties, ductility index, and effect of tensile 
reinforcement ratio on the flexural strength of the PC beams. The results show that the 
ultimate flexural strength of reinforced polymer concrete (RPC) beams using resins 
obtained from recycled PET waste was found to be comparable to the flexural 
strength of PC beams made from virgin resins. It was also observed that the cracking 
pattern and modes of failure is similar to that of reinforced Portland cement concrete 
beams, but the RPC beams have higher strength and more ductility than RCC beams. 
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Also an increase in tfie shear span to deptii ratio, resulted in the decrease of shear 
strength of RPC beams. 
Karim, Singchul and Fowler (1994) produced polymer mortar using resins obtained 
from recycled PET and investigated its utility as an overlay material on pavements 
and bridges. Two types of resins - a rigid resin (type 1) with high modulus and low 
elongation at break and a flexible resin (type 2) with low modulus and high elongation 
at failure were used for preparing the polymer mortar. Various tests were conducted 
on the polymer mortar. The authors carried out water absorption test at 1, 4, 7, 19, 28, 
and 54 days on oven dried specimens. It was found to be less than 1 % by weight. The 
chemical resistance was also determined by submerging the specimens in acetone and 
10% solution of sulphuric acid, hydrochloric acid and sodium hydroxide for I, 4, 7, 
19, 28, and 54 days. The chemical resistance was analyzed by the change of weight 
and by observing any physical change in the specimen. It was found that the polymer 
mortar PMl and PM2 (made with resin type I and type 2) have a good chemical 
resistance with the exception of acetone. When immersed in acetone, both the 
polymer mortars disintegrated within a day. In order to determine the effect of high 
temperature on the bond between cement concrete and polymer mortar overlay, the 
accelerated thermal cycle test was conducted. It was found that after the application of 
thermal cycling, most of the polymer mortar overlay failed at the interface between 
the PM and cement concrete. It was also observed that the polymer mortar made with 
rigid resin severely deteriorated after 80 thermal cycles. Whereas in some cases, the 
PM made with flexible resin,, the polymer mortar overlay did have partial failure, 
occurring in the cement concrete substrate even after 80 thermal cycles. 
Karim et al. (1995) investigated the shear strength of reinforced polyester concrete 
made from recycled PET and proposed the following design equation based on 
statistical regression analysis for observing the shear strength. 
bd 5.73-0.33(^,f^J(/,fM/cf1^ W' (2.1) 
-0.4 
/ 
Where, 
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Distance from extreme compression fibre to centroid of 
steel reinforcement 
Compressive strengt of PC (MPa) 
Flexure strength of PC (MPa) 
Flexural reinforcement ratio 
Rebeiz (1995) evaluated the t.me and temperature dependent properties of polymer 
concrete using unsaturated polyester resin based on recycled PET. The properties, 
which were investigated, included the effect of age on strength, effect of temperature 
on strength and modulus, shrinkage and creep and thermal expansion. It was observed 
that about 80 % of final strength is achieved in one day, whereas normal cement 
concrete achieves only about 20 % of final strength in one day. An increase in the 
temperature from 25°C to 60°C results in a decrease of the compressive strength by 
about 40%. The same result was obtained by Okada et al. (1975), when the PC using 
100% non-recycled resin was tested after subjecting to the rise in temperature. Also a 
35 to 40% decrease in the modulus was recorded when temperature was raised from 
25°C to 60°C. The coefficient of thermal expansion of PC was about 15xl0'V°C, 
which was at least twice that of the Portland cement concrete and the creep strains 
were also found to be higher than the cement concrete. 
Various pre-cast applications of polymer concrete using recycled plastic waste as 
binder were suggested by [Rebeiz (1996)]. The applications may be utility 
components such as drains for acids waste, sewer pipes, underground vaults and 
junction boxes; transportation components like railroad crossing panels, median 
barriers and high voltage insulators in place of porcelain. In the same study Rebeiz 
found that the addition of steel fibres to the unreinforced polymer concrete increases 
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the compressive strength after the fibre content exceeds 1.3% by volume and the 
flexural strength increases with the fibre content exceeding 0.7% by volume. 
Rebeiz and Fowler (1996) determined the flexural strength of reinforced polymer 
concrete made with resin obtained from recycled plastic waste as binder. They used 
diethyl glycol for the glycolysis of PET in the presence of transesterification catalyst. 
The PET : glycol ratio taken was 1:1.33 i.e. for 21%) by weight of PET, the glycol 
taken was 28%) by weight of total formulation. The formulation suggested by the 
authors is given in Table 2.1. The tests carried out by them on various specimens 
indicate that a very good flexural strength can be obtained with reinforced polymer 
concrete using UPER based on recycled PET waste. 
Table 2.1 Formulation for producing UPER 
Component 
Recycled PET 
Diethyl glycol 
Maliec anydride 
Phthalic anhydride 
Styrene 
Percent by weight 
21.0 
28.0 
10.5 
10.5 
30 
They had also proposed a method of predicting the ultimate flexural strength of PC by 
using multiple regression analysis on the experimental data. 
= 0.33 p / , +1.245 J / , (2.2) 
Where, 
M 
u _ 
hd' 
Ultimate flexural strength (MPa) 
Ultimate moment 
41 
b = Width of PC beam 
d = Distance from extreme compression fibre from centroid of 
tensile steel. 
/^ = Compressive strength of PC (MPa) 
fy = Yield Strength of Steel in (MPa) 
p = Tensile reinforcement ratio, decimels 
Rosset et al. (1996) used two different formulations for producing unsaturated 
polyester resin from recycled PET waste. One formulation was designed to produce 
flexible resin, which is desirable for polymer mortar being used at places involving 
high temperature variations and consisted of the following composition: 
PET scrap 
Diethyl glycol 
Maleic Anhydride 
Phthalic Anhydride = 
Styrene 
21 % by weight 
28% 
10.5% 
10.5% 
30% 
whereas the second formulation was designed to produce rigid resin, a desirable 
property for pre-cast applications involving high loads. The formulation consisted of 
the following composition: 
PET scrap 
Propylene glycol 
Maleic Anhydride 
Isophthalic Anhydride= 
Styrene 
22% by weight 
19% 
17% 
9% 
33% 
With the above two formulations the authors determined the tensile properties of the 
polymer mortar, and also eventually evaluated the effect of the replacement of sand 
with fly ash on the tensile strength properties of the PM, using the same formulations. 
It was found that the replacement of sand with fly ash upto 50%) by weight, resulted in 
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the increase of tensile strength, but an increase of fly ash by more than 50% resulted 
in the reduction of the tensile strength due to the lack of availability of resin to coat 
the larger surface area of the fly ash. It was also observed by the authors that the 
addition of fly ash decreases the tensile modulus of elasticity of polymer mortar, a 
property that is beneficial specially, in case of an overlay of PM on the Portland 
cement concrete substrate, particularly in situations involving large thermal 
movements. A low modulus of PM minimizes the intensity of shear stresses between 
the polymer mortar and Portland cement concrete surfaces. 
The prediction/evaluation of time dependent behaviour of polymer concrete under 
sustained loading is very important because of the viscoelastic nature of the resin 
binder. The change in stiffness and strength with time of polymer concrete are 
strongly influenced by the temperature and the types and contents of the fillers, 
restricting the deformation of polymer concrete [Aniskevich and Hristova (2002)]. 
Byung et al. (2007) carried out short-term creep test on polymer concrete specimens 
made from unsaturated polyester resin based on recycled PET, for the long term 
prediction of creep. The authors studied the effect of filler type and its content, 
stress/strength ratio on the creep characteristics of polymer concrete. The fillers used 
were CaCOs and fly ash and their content was varied from 0 % to 30 %. It was found 
that the creep strains of polymer concrete without a filler was much higher than that 
of polymer concrete with a filler, and the effect of CaC03 as a filler on polymer 
concrete was better than fiy ash. 
Seung-Kook et al. (2008) evaluated the mechanical properties of polymer concrete 
made of unsaturated polyester resins obtained from recycled PET waste and recycled 
concrete aggregate and determined the strength and resistance to acid and alkali 
compounds. They observed that there was a gradual reduction of strength as the 
recycled aggregate content increases at 9% resin content, but there was a negligible 
decrease in strength of polymer concrete with recycled aggregate with 17% resin 
content. It was also found that the polymer concrete with 100% recycled aggregate 
has poor resistance to hydrochloric acid whereas alkali compounds seems to have no 
effect on the polymer concrete. 
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2.4 POLYMER CONCRETE USING NON-RECYCLED RESIN 
Polymer concrete has been used in the construction of structural elements and the 
applications include wall panels to carry wind and seismic loads, underground vaults 
for resisting lateral earth pressure, rail road ties to resist the static and dynamic rail 
loads etc. therefore the structural uses of polymer concrete components include 
flexure, shear, bearing and deflections, whereas creep, fatigue and service 
temperatures are important aspects of these mechanisms. 
Polymer concrete composites can be broadly classified into three types depending on 
the process technology: 
i) Polymer impregnated concrete (PIC) 
ii) Polymer modified concrete (PMC) 
iii) Polymer concrete (PC) 
The above types of PC components consist of a resin binder and inorganic aggregates 
and sometimes some filler. The binding agent consists of thermosetting polymers. The 
polymers that are generally used as a binding matrix includes those made from such 
monomers as methacrylates., epoxy, furan, styrene, trimethylpropane, trimethacrylate, 
unsaturated polyesters (UPE) and vinyl ester etc. Any one of these monomers in 
liquid form is mixed with initiator and promoter systems for initiating the 
polymerization or cross-linking (hardening) of the monomers. Depending upon the 
type of the resin used as binding agent the polymer concrete may be classified as 
epoxy polymer concrete, methacrylate polymer concrete, unsaturated polyester 
polymer concrete, furan polymer concrete etc. 
The subject of polymer concrete has been extensively reviewed by Ohama (1997).He 
discussed the uses of polymer-modified mortar and concrete, polymer mortar and 
concrete and polymer impregnated mortar and concrete. According to him polymer 
modified mortar is most widely used in Japan as a construction material for repair 
work, but polymer modified concrete is seldom used. However in the United States of 
America, polymer modified concrete is extensively used for bridge deck overlays and 
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patching work. The polyiner mortar and polymer concrete has become an important 
material for the construction industry in 1970's in Japan and Europe and in 1980's in 
USA. In general polymer mortar is used for finishing work and insitu applications, 
while polymer concrete is used for pre-cast products. The commercially available 
liquid resins for polymer concrete and polymer mortar include various thermosetting 
resins, tar-modified resins and methacrylate monomer. Fig. 2.1 illustrates the 
classification of liquid resins to be used in polymer mortar and polymer concrete. The 
liquid resins that are used for polymer mortar in Japan are mainly epoxy resins, 
unsaturated polyester resins (i.e. polyester-styrene, xylene) vinyl ester resins and 
methyl methacrylate (MMA) monomer, and the most common liquid resin for the 
polymer concrete is the unsaturated polyester resin (UPER). Whereas the most 
common type of liquid resin used in USA and Western Europe are methyl 
methacrylate (MMA) monomer, UPER, and epoxy resins and Furan resin (mainly 
furfural acetone resin) is used in Russia and Eastern Europe. 
Epoxy resins that are used for producing epoxy polymer concrete consist essentially 
of two component systems, the epoxy resin and the other a hardener or curing agent. 
Most of the epoxy resins are the condensation products of bisphenol-A and 
epichlorohydrin and forms a good bond with concrete and steel due to their structure. 
The two components are generally mixed at a resin to hardener ratio of either 1:] or 
2:1 by volume. Epoxy polymer concrete has been used for the manufacture of 
machine tool bases and Koblischek (1991) has reported various properties of an epoxy 
polymer concrete used for the above purpose. The compressive and tensile strengths 
were found to be 120 MPa and 10 MPa respectively and the compressive and tensile 
moduli were 40 GPa and 28 GPa respectively, whereas the bending tensile strength 
was 22 MPa. 
Methylmethcrylate (MMA) is the primary monomer that is used for the production of 
methylmethacrylate concrete. It has a low viscosity due to which it possesses 
excellent wetting properties and hence MMA polymer concrete have very good flow 
characteristics making it a suitable material for the placement around dense 
reinforcement and in formworks having narrow cross sections. The polymerization 
reaction is initiated in the presence of cross-linking agent by the use of initiator and 
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promoter systems. This type of concrete is also used for machine tool bases and again 
in one of his other wori< Koblischek (199!) has given various properties of such a 
concrete. The properties reported include a compressive strength of 120 MPa, tensile 
strength of 11.5 MPa and the modulus of elasticity in tension v/as 24 GPa and 31-40 
GPa in bending. 
Unsaturated 
Polyester 
• Resin (UPER) 
— Epoxy (EP) Resin 
Liquid. 
Resin 
Thermosetting 
Resin 
Orthiopiitlialate Type 
Isophthaiate Type 
Tar-modified 
Resin 
Methacrylate 
Monomer 
• Furan (Furfural Acetone 
Vinyl Ester (VE) Resin 
• Plienoi (PF) Resin 
Phenol (PF) Resin 
— Tar-Epoxy 
— Tar-Urethane 
— Methyl Methacrylate (MMA) 
• Glycerol Methyl Methacrylate-Styrene 
— High Molecular Weight Methacrylate 
• Urethane Methacrylate 
Figure 2.1 Classification of liquid resins for polymer mortar and concrete 
Unsaturated polyester polymer concrete has been commercially used in the 
manufacture of pre-cast polymer concrete products in the United States and Europe. 
Typical cross-linking agent generally used in this case was styrene. After the resin is 
mixed with aggregates, initiator and promoter system is added, which causes the 
cross-linking reaction between styrene and polyester resin. Vipulanandan and Paul 
(1990) have carried out extensive research into the effects of curing conditions, 
temperatures, aggregate sizes, and strain rates on the mechanical properties of epoxy 
and unsaturated polyester polymer concrete systems. They concluded that the 
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behaviour of these systems is to great extent influenced by the curing method, 
temperature, strain rate and testing temperatures. The test results suggest that the ACI 
318 code relationships for calculating the compressive modulus and tensile strength 
using the compressive strength do not apply to polymer concrete. 
Neelamegam et al. (1992) studied the behaviour of glass fibre reinforced PC mortars 
subjected when to impact and abrasion. The PC was produced using an isophthalic 
polyester resin and fine river sand. The content of glass fibre was varied from 0 to 4% 
by mass. The authors reported that the impact resistance significantly increased with 
the increase of the fibre content by more than 2%. The length of the fibres also does 
have the effect on the impact resistance with longer fibres providing higher impact 
resistance values. The abrasion resistance also improved with the addition of 2 - 3% 
of the longer fibres. The len:gth of fibres taken was between 6 to 25 mm. 
The polymer concrete has been successfully used in the bridge deck overlays and 
Sprinkel (1993) has presented the status of polymer concrete as an overlay material 
for the concrete bridge decks, it was shown by the author that the polymer overlays 
made with epoxy, methacr>iate and polyester-styrene binders and graded silica and 
basalt aggregate can provide skid resistance and protection against intrusion by 
chloride ion for 15 to 20 years. 
Verghese et al. (1996) have reported the use of fly ash as partial and full replacement 
of river sand as fine aggregate in polymer concrete mixes based on polyester resin as 
an organic binder. Isophthalic unsaturated polyester resin containing 36% styrene was 
used as the binder. Methyl ethyl ketone per oxide (MEKP) as initiator and cobalt 
octoate as promoter was used to initiate the polymerization process. Properties such as 
cure time, flexural strength and resistance to water absorption were studied by varying 
the amount of fly ash. It was observed that the cure time decreases with the increase 
in the amount of resin and fly ash. The flexural strength increases with the increase in 
the fly ash content upto 75% and after that it decreases. The water absorption level 
based on pure river sand for the mix with higher resin content i.e. 1:2:4 was 0.55% 
and for the mix with low resin content i.e. for 1:3:6 was 2.4%. The replacement of 
river sand with fly ash further reduces the water absorption for the two mixes, upto 
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75% of fly ash content. But resistance to water absorption decreases beyond 75% of 
fly ash content, as higher loading of fly ash tend to weaken the particle resin bond. 
Suvimol et al. (1998) reported about the strength and fracture properties of styrene-
butadiene copolymer latex modified concrete at ages ranging from 5 hrs to 28 days. 
The test results indicate that a significant improvement was achieved in reducing and 
bridging micro cracks and the load deflection relationship was observed to be highly 
linear upto 0.93 times the peak load. The fracture energy varies from 2.3 to 133.1 
N/m, depending on age and to some degree on notch to depth ratio. The post peak 
behaviour was similar to conventional concrete. 
Radomir et al. (1998) concluded that a simple addition of butadiene-styrene rubber 
latex (BSR) in smaller quantities i.e. only upto 75% polymer-cement ratio by mass, 
most of the important concrete properties were improved. The various properties 
examined were the optimum curing conditions in the first phase and in the second 
phase compressive strength, flexural strength, water absorption, bond etc. were 
examined. It was found that the best results were obtained for the physical and 
mechanical properties of latex modified concrete at the optimal condition of wet and 
dry curing i.e. curing in a high humidity conditions within a six day period, followed 
by curing in dry environment. Such a curing provides enough humidity for the 
hydration of cement and a necessary dry period when polymer membranes are formed 
and hardened. The latex addition also improves the workability of the mix or it acts 
like a super plasticizer resulting in the reduction in the quantity of water by upto 30% 
than in the conventional concrete. In the second phase tests were conducted on the 
hardened modified concrete based on optimum curing conditions determined in the 
first phase. The amount of polymer dispersion taken was 2.5, 5 and 7.5 percent of 
cement mass. The results indicates that there was a marginal increase in the 
compressive strength, while flexural strength of modified concrete increases by 40%) 
at 7.5%) of polymer admixture as compared to conventional concrete. The water 
absorption decreases with the increase in the polymer cement ratio. At polymer 
cement ratio of 7.5%, the shrinkage was almost 50%) to that of the conventional 
concrete, whereas the strains were found to increase by 24% at 42 MPa for 7.5% 
polymer cement ratio as compared to concrete without polymers. 
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Fowler (1999) has extensively dealt with the use of polymers in concrete. He 
discussed about the uses and properties of polymer impregnated concrete (PIC), 
polymer concrete (PC) and polymer modified concrete (PMC). According to him PIC 
has a compressive strength of 3 to 4 times the concrete from which it was made and 
had a corresponding increase in tensile and flexural strength and possesses excellent 
durability properties particularly freezing and thawing and acid resistance. The 
polymer concrete found its use in pre-cast elements, as a repair material, and as an 
overlay material for bridge surfaces and floors etc. Polymer concrete is also used to 
produce wide range of products like underground drains, manholes, acid tanks, tunnel 
linings, highway median barriers, sleepers etc. Another use of polymers in concrete 
according to Fowler was the ability of polymer to seal cracks in concrete. In the same 
year Abdel et al. (1999) produced concrete samples with strengths ranging from 92 to 
112 MPa using high molecular weight polyester resins and at concentrations of 15 % 
of polymer resin by weight of the aggregate and Oshima and Koyanagi (2001) found 
values in excess of 120 MPa with polyester concentration of 20 % resin and calcium 
carbonate being used as filler material along with fine and coarse aggregate. 
Bignozzi et al. (2000) studied the effect of polymeric waste fillers on the 
microstructure and mechanical properties of polymer mortar. The resin binder used 
for producing the polymer mortar was commercially available orthophthalate type 
unsaturated polyester resin (FS0956/AMV/ISIRESTER) with 50% dimethylphthalate 
solution of 2-butanone peroxide as catalyst. The organic fillers that were used by the 
researchers were powdered rubber, micronized tyre fibres and milled electrical cable 
waste. All these fibres were obtained from the suppliers. It was observed that the 
organic recycled fillers in the polymer mortar, decreases the compressive and the 
fiexural strength as compared to the plain polymer mortar and increases the porosity. 
But the use of silane as a coupling agent improves the mechanical behaviour of the 
new polymer mortar and decreases the porosity. 
Gorninski et al. (2004) studied the effect of two types of polyester resin binder -
Isiphthalic and Orthophthalic polyesters with four different concentrations [8, 12, 16 
and 20%] by weight of sand on the axial compressive strength and modulus of 
elasticity of concrete. They found that the compressive strength of polymer concrete 
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increases with the increase in the fly ash content and the concrete produced with 
isophthalic polyester resulted in a slightly higher compressive strength as compared to 
that produced with orthophthalic polyester for the same fly ash content. The modulus 
of elasticity was found to increase with the increase in fly ash content and the peak 
value of 29 GPa was obtained using orthophthalic polyester. In general, the value of 
modulus of elasticity of polymer concrete produced using isophthalic polyester ranges 
from 25 to 28 GPa while for the polymer concrete having orthophthalic polyester the 
values of modulus of elasticity were in the range of 24 to 29 GPa. 
Reis and Ferreira (2004) evaluated the influence of fibres on the mechanical and 
fracture properties of epoxy polymer concrete. The epoxy resin system used was 
EPOSIL55, based on diglycidal ether bisphenol A and aliphatic amine hardener in a 
resin to hardener ratio of 2:1. The fibres used were chopped glass fibres and chopped 
carbon fibres made from poly-acrylic-nitrile material. The fibres were mixed in the 
polymer concrete in a ratio of 1% and 2% of the total weight. Before mixing, the glass 
fibres were soaked in silane solution for better adhesion and the average size of the 
fibre length was 6 mm. The epoxy resin was 20% of the total mass. It was found that 
in general the addition of fibres increases the flexural strength and fracture properties. 
The fracture toughness of carbon fibre reinforced polymer concrete can increase upto 
29% while in the case of glass fibre reinforced polymer concrete, it can increase upto 
13%) as compared to epoxy non-reinforced polymer concrete. 
Wegian and Abdalla (2005) analyzed the shear capacity of concrete beams and slabs 
reinforced with different types of fibre reinforced polymer (FRP) bars. The FRP used 
for reinforcing the beams and slabs were glass fibre reinforced polymer (GFRP) bars 
and carbon fibre reinforced polymer (CFRP) bars. The beams were subjected to four-
point loading upto failure. Based on the experimental results, Wegian and Abdalla 
proposed the following simplified expression for the shear capacity of FRP reinforced 
concrete beams. 
Vc-2 fc-P~^--h^ a \,.d (2.3) 
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Where, 
V^ = Shear strength capacity 
/^ = Compressive strength of concrete 
p = Tension reinforcement ratio 
a = Shear span 
d = Depth of beam 
by^ = Width of beam 
E f = Modulus of elasticity of FRP reinforcement 
Eg - Modulus of elasticity of steel 
The concrete beams reinforced with FRP, behaves linearly upto cracking, and linearly 
after cracking with reduced stiffness. The strains and deflections were generally 
higher as compared to concrete beams reinforced with steel. It was found that due to 
the reduced compression stress block and due to the nature of cracking in FRP 
reinforced beams the shear strength was significantly lower than the beams reinforced 
with steel. 
Turco et al. (2006) extended the use of FRP bars for strengthening and retrofitting the 
un-reinforced masonry (URM) wall, which were otherwise used for strengthening the 
concrete members. The type of cementitious paste used with FRP bars was latex 
modified paste and an epoxy based paste. The authors have found that there was a 
marked increase in the properties of the FRP retrofitted URM walls and the behaviour 
at failure was more ductile. 
Cheng et al. (2006) conducted experimental investigations to study the effect of 
soaking time and polymerization temperature on the mechanical and physical 
properties of polymer impregnated concrete (PIC). The cylindrical specimens were 
impregnated with methyl methacrylate (MMA) and benzoil per oxide (BPO) mictures. 
It was observed that the polymer loading increases with the immersion time upto 12 
hours and the optimum polymerization temperature was found to be 75°C for the mix 
having high cement content and 80°C for the concrete with low cement content. 
Polymer impregnation not only increases concrete strength and resistivity but also 
greatly decreases surface absorption as compared to normal concrete. The 
compressive strength was found to increase by 169% for the concrete with high 
cement content and 210% far the concrete with low cement content. The split tensile 
strength was also found to increase by 200%. The reason for such an improvement in 
the properties of PIC is that MMA fills both pores and micro-cracks. 
Presently latexes of a single or combination of polymers like polyvinyl acetate, 
copolymers of vinyl acetate ethylene, styrene-butadiene, styrene acrylic, styrene-
butadiene rubber emulsions are generally used to improve the properties of cement 
mortar or concrete. But according to Aggarwal et al. (2007), one of the limitations of 
these polymer systems is that they emulsify in humid alkaline conditions. To 
overcome this problem, the authors developed some new epoxy emulsion based 
polymer systems. This emulsion was prepared by emulsifying epoxy resin based on 
diglycidal ether of bisphenol-A and amino-amide based hardener in water using a 
non-ionic surfactant. The prepared epoxy emulsion was then used for making the 
polymer-modified mortar (PMM). The result shows that at the same polymer cement 
ratio, the epoxy emulsion modified mortars have better compressive strength than 
acrylic modified mortars. The flexural strength was also better for the epoxy emulsion 
modified mortar than acrylic modified mortar. It was also observed that the flexural 
strength increases with the increase in the polymer cement ratio. The presence of 
emulsion polymer also decreases the water absorption, carbonation and chloride ion 
penetration. 
Marcelo and Vagner (2008) have conducted studies to determine the suitability of 
expanded polystyrene (EPS) as an impregnation solution for concrete. They found 
that there was a significant reduction in water absorption and porosity which 
consequently leads to a reduction in the proliferation of fungus on the surface of the 
concrete. The authors concluded that, the material being transparent could be used on 
monuments and other elements that are subjected to extreme weather conditions. 
The polyester resin have been traditionally used as binder in concrete, but may be 
used effectively as an additive to improve the properties of asphalt binder and 
52 
mixtures as demonstrated by Perviz et al. (2008). The test carried out by the authors 
indicate that the asphalt mixture modified with 0.75% polyester resin gives the best 
overall performance and improves the physical and mechanical properties of the 
asphalt mixture. 
2,4 CONCLUDING REMARKS 
An extensive literature review on the recycling/glycolysis of PE^IT by various methods 
has been carried out in section 2.2. Most of the studies have discussed about the role 
of various types of glycols and metal acetates to be used as catalyst in the 
depolymerization of PET. A critical review of the literature reveals that glycolysis in 
the presence of zinc acetate as catalyst yields better results, therefore the same 
combination of diethyl glycol and zinc acetate were used in the present research work 
for the depolymerization of PET flakes. Further a review of the literature reveals that 
the investigations were carried out to determine the load deflection and moment 
curvature responses, modes of failure, strength properties etc. by using one type of 
resin. The effects of PET glycol ratio, use of dibasic acids, and the type of initiator 
promoter combination on the strength of PC have not yet been investigated. Moreover 
the literature reveals that not a single study has been undertaken for the microscopic 
analysis of the hardened resin and hardened polymer mortar composite material. 
The moment of resistance determined by various researchers have not considered the 
tensile strength of polymer concrete and also have not given a rational procedure for 
the analysis and design of PC sections. The studies on the behaviour of PC under 
multi-axial state of stress have also not been reported in the literature. The researchers 
in the past have not studied the post cracking behaviour and the bond of PC made 
with recycled resin with reinforcing steel. 
Keeping the above facts in view, an extensive experimental study has been carried out 
in the present research work. The methodology and experimental results have been 
presented in the subsequent chapters. 
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Chapter 3 
Production of Polymer Resin 
3.1 INTRODUCTION 
The post consumer PET bottles that are available as Municipal Solid Waste (MSW) 
were depolymerized by glycolysis, and the product was converted into unsaturated 
polyester resin (UPER) by the use of dibasic acids. The resin so produced was then 
used as a binder by mixing it with inorganic aggregate to produce polymer mortar 
(PM) or polymer concrete depending upon the type of aggregate. The prepared 
material was then tested for physical properties for assessing its performance as a 
structural material. 
For the depolymerization of PET various groups of glycolysis experiments were 
carried out. Initially the PET glycol ratio was fixed and various parameters involved 
in the experiment were varied in order to determine their influence on the 
depolymerization of PET. Once the optimum conditions for the glycolysis of PET 
were established, the PET to Glycol ratio was then varied to determine the effect of 
such variation on the streng;th of concrete. Two different sets of initiator / promoter 
were used in combination with diethylene glycol and with different PET glycol ratios. 
The present chapter contains the details of the various groups of the above 
experiments for the glycolysis of PET, its synthesis and subsequent preparation of 
polymer mortar. The chemical composition of polymer as determined through tests is 
discussed. 
3.2 DETAILS OF DIFFERENT GLYCOLYSIS EXPERIMENTS 
For the depolymerization of PET various groups of glycolysis experiments were 
carried out. Initially the PET to glycol ratio was fixed at 1:4 and the glycolysis 
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s.^ T-gs^ .^^ ^ 
temperature, amount of catalyst and the glycolysis time'were vafi^ ^ in order to 
determine their influences on the depolymerization of PET. The diethylene glycol was 
used for the above glycolysis experiment. 
Once the optimum conditions for the glycolysis of PET were established with respect 
to the above parameters i.e. glycolysis time, glycolysis temperature and quantity of 
catalyst, the PET to Glycol ratio was then varied to determine the effect of such 
variation on the strength of mortar. Different combinations of initiator/promoter, 
dibasic acids and PET to glycol ratio were used for the formation of four different 
groups. The PET to glycol ratio was varied for each group leading to 9 different sets 
as given in Table 3.1. The initiators, promoters, dibasic acids and glycol used in the 
study are: 
Initiators: Benzoil per oxide (BPO), methyl ethyl ketone per oxide (MEKP) 
Promoters: N, N-diethyl aniline (NNDA), cobalt naphthanate (CoNp) 
Dibasic acids: Maliec anhydride, phthalic anhydride 
Glycol: Diethylene glycol 
Catalyst: Zinc acetate 
For each set, microscopic studies were conducted on neat resin, whereas, both 
macroscopic as well as microscopic studies were conducted on polymer mortar 
prepared using the developed resin. The microscopic studies carried out on cured neat 
resin include X-ray, scanning electron microscopy (SEM) analysis and thermo 
gravimetric analysis-differential thermal analysis (TGA-DTA). Whereas the 
microscopic studies carried out on polymer mortar include X-ray, SEM analysis, 
Fourier transform infrared spectroscopy (FTIR), and TGA-DTA. The purpose of 
conducting these microscopic tests is discussed latter in this chapter. The preliminary 
macroscopic studies conducted on polymer mortar were the determination of 
compressive and tensile strength. 
The microscopic test, FTIR, conducted on polymer mortar was carried out at Indian 
Institute of Technology-Delhi, New Delhi, India, whereas, all other microscopic tests 
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on resin as well as the polymer mortar were carried out at Institute Instrumentation 
Center, Indian Institute of Technology-Roorkee, Roorkee, India. 
Table 3.1 Different combinations of PET glycol ratio, type of glycol, dibasic 
acids and initiator promoter 
SET DIFFERENT COMBINATIONS 
Type of Glycol: 
Dibasic Acid: 
Initiator: 
Promoter: 
0 
1 
2 
PET Glycol Ratio 
PET Glycol Ratio 
PET Glycol Ratio 
Type of Glycol: 
Dibasic Acid: 
Initiator: 
Promoter: 
3 
4 
PET Glycol Ratio 
PET Glycol Ratio 
Type of Glycol: 
Dibasic Acid: 
Initiator: 
Promoter: 
5 
6 
PET Glycol Ratio 
PET Glycol Ratio 
Type of Glycol: 
Dibasic Acid: 
Initiator: 
Promoter: 
7 
8 
PET Glycol Ratio 
PET Glycol Rat 0 
GROUP-I 
Diethylene Glycol 
Maliec Anhydride & Phthalic Anhydride 
Benzoil Per Oxide 
N,N Diethyl Aniline 
1:4 
1:1 
2:1 
GROUP - II 
Diethylene Glycol 
Maliec Anhydride 
Benzoil Per Oxide 
N, N Diethyl Aniline 
1:1 
2:1 
GROUP-III 
Diethylene Glycol 
Maliec Anhydride & Phthalic Anhydride 
Methyl Ethyl Ketone Per Oxide (MEKP) 
Coba t Naphthanate (CoNp) 
Dieth 
Malie 
Meth 
Coba 
1:1 
2:1 
GROUP-IV 
ylene Glycol 
c Anhydride 
y\ Ethyl Ketone Per Oxide (MEKP) 
t Naphthanate (CoNp) 
1:1 
2:1 
3.3 GLYCOLYSIS FOR SET 0 
The PET was obtained from post consumer soft drinking and water bottles (Fig. 3.1). 
The wrapper labels of the bottles were first removed and bottles were washed with 
mild detergent soap to remove the remains of the labels and to clean the bottles from 
inside as well outside. The bottles were then washed with distilled water. The clean 
bottles were cut into small pieces of 10 to 20 mm size for producing PET flakes (Fig. 
3.2). The PET flakes were again washed with distilled water and then oven dried at 
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100°C for 24 hours. The diethylene glycol was used for glycolysis and subsequent 
depolymerization of PET, whereas zinc acetate was used as catalyst. Maleic 
anhydride and phthalic anhydride were used to carry out non-catalyzed melt 
polyesterification reaction, For the preparation of cured resin, benzoyl peroxide 
(BPO) was used as initiator and N, N-diethyl aniline (NNDA) as promoter. These 
chemicals were obtained from CDH (India). The styrene monomer obtained from 
GSC (India) was used to reduce the viscosity of the resin and to allow the cross 
linking of the molecular chains. All chemicals and reagents were of analytical reagent 
grade. The list of all chemicals used along with their purpose is given in Table 3.2. 
Table 3.2 Chemicals used with their purposes 
Chemicals used 
Diethylene Glycol 
Zinc acetate 
Malice Anhydride & Phthalic Anhydride 
Styrene 
Benzoil per oxide 
N,N-diethyl aniline 
Methyl ethyl ketone per oxide (MEKP) 
Cobalt naphthanate 
Purpose 
Used for depolymerization of PET 
Used as catalyst in the glycolysis reaction 
Used for non-catalyzed melt polyesterification 
reaction 
Used to reduce the viscosity of the unsaturated 
polyester resin (UPER) and to allow the cross 
linking of the molecular chains 
Used to provide free radical to initiate free-
radical polymerization 
Helps in the decomposition of the initiator for 
producing free radicals 
Used to provide free radical to initiate free-
radical polymerization 
Helps in the decomposition of the initiator for 
producing free radicals 
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Figure 3.1 Soft drink and mineral water bottles 
Figure 3,2 PET flakes obtained from soft drink and mineral water 
bottles 
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3.3,1 Glycolysis Experiment 
The conversion of polyethylene terephthalate (PET) in presence of glycol is known as 
alcoholysis or glycolysis in the presence of a catalyst. A one-litre three-necked round 
bottom flask (reactor) was used for all glycolysis experiments. In order to ensure that 
the water content in the reactor was as low as possible, the reactor was heated to 110 
°C and held at that temperature for at least two minutes. The reactor was equipped 
with a thermometer and a reflux condenser (Fig. 3.3). The ratio of PET to diethylene 
glycol used in the glycolysis experiment was 1:4 by weight. The weight of 
diethylelene glycol and PET flakes was 84 g and 21 g, respectively. In order to realize 
the influence of glycolysis temperature, glycolysis time and amount of the catalyst on 
the depolymerization of PET flakes, three groups of glycolysis experiments were 
conducted and the glycolysis conversion was studied: 
i) Experiment - 1 (GT = 190"C, GH = 8 hrs, C = 0.25-1.75%)*: Glycoysis 
temperature was set at 190 °C and glycolysis time was fixed at 2 hours. The 
amount of zinc acetate (catalyst) was varied from 0.25 to 1.75 % by weight 
of PET. The glycolysis conversion achieved in these experiments is given in 
Table 3.3. 
ii) Experiment - 2 (GT = 190"C, GH = 2-10 hrs, C = 0.25%): The glycolysis 
temperature was set at 190 °C and the amount of the catalyst was 0.25 % by 
weight of PET. The glycolsis time was varied from 2 to 10 hours in steps of 
one hour. The glycolysis conversion achieved in these experiments is given 
in Table 3.4. 
iii) Experiment - 3 (GT = 140-210''C, GH = 8 hrs, C = 0.25%): The 
glycolysis time was kept as 8 hours and 0.25 % of zinc acetate was used. 
The glycolysis temperature was varied from 140 to 210 °C. The glycolysis 
conversion achieved in these experiments is given in Table 3.5. 
* Note: GT = Glycoysis temperature, GH = glycolysis time, and C = amount of 
catalyst 
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After finishing each glycolysis experiment, the reactor was removed from the heating 
filament, and 200 ml of boiling water was slowly added into the reactor. The whole 
product mixture was quickly filtered using a copper screen of 0.5 x 0.5 mm mesh size. 
The remaining polymerized PET flakes were collected, dried, weighed and labeled as 
the PET fraction. The percent depolymerization of recycled PET through glycolysis 
has been estimated using the following relation: 
Glycolysis Conversion Percentage = A-B x l O O (3.1) 
where, A and B are the weights of PET flakes before and after glycolysis respectively. 
GIvcoIvsis Experiment 
^*** %^>^ l i M 
Figure i.i Equipment used in the preparation of resin 
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Table 3.3 Influence of the amount of catalyst on the glycolysis 
conversion of the recycled PET 
(PET:Glycol::l:4, Temperature = 190°C, Glycolysis Time = 8 hours) 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
Catalyst 
(%) 
0 
0.25 
0.50 
0.75 
1.00 
1.25 
1.50 
1.75 
Glycolysis conversion 
(%) 
0 
98.7 
97.3 
97.0 
96.9 
96.6 
96.0 
94.0 
Table 3.4 Influence of the glycolysis time on the glycolysis 
conversion of the recycled PET 
(PET:Glycol::l :4, Temperature = 190°C, Catalyst = 0.25%) 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Time in 
hours 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Glycolysis conversion 
(%) 
25.31 
52.92 
61.32 
89.43 
91.89 
95.89 
99.28 
99.30 
99.35 
Table 3.5 Influence of the glycolysis temperature on the glycolysis 
conversion of the recycled PET 
(PET:Glycol::l :4, Catalyst = 0.25%, Glycolysis Time = 8 hours) 
S.No 
1 
2 
3 
4 
5 
6 
7 
8 
Temperature in 
°C 
140 
150 
160 
170 
180 
190 
200 
210 
Glycolysis conversion 
(%) 
5.14 
14.73 
30.65 
50.47 
80.64 
98.78 
98.81 
98.82 
3.3.2 Synthesis of Unsaturated Polyester Resin 
After glycolysis, the maleic and phthaleic anhydrides were added into the reactor for 
non-catalyzed melt polyesterification reaction. The reaction was carried out at 190°C 
for 8 hours, and 0.5% hydroquinone by weight of PET was added into hot resin to 
prevent the resin from curing before use. The resin was then allowed to cool at room 
temperature. 
3.3.3 Preparation of Polymer Mortar 
The above-prepared unsaturated polyesters were then diluted with 143% of styrene (a 
solvent monomer) by weight of PET (30 gm for 21 gm PET) to reduce viscosity and 
to allow for further curing. The free radical initiator and promoter were added to the 
resin before mixing it with the inorganic aggregates. The polymer mortar composite 
thus prepared was mixed manually for about 5 minutes to ensure proper mixing. 
Locally available river sand (fineness modulus = 2.36) was used as fine aggregate for 
the preparation of polymer mortar composite. The particle size distribution and 
physical properties of the sand as per IS-383 (1970) are given in Table 3.6 and 3.7 
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respectively. The coarse sand was oven dried for 24 hours at 60°C to reduce the 
moisture content to less than 0.5% by weight, thus ensuring good bond between the 
polymer matrix and the inorganic aggregates. The silt content in the sand was almost 
non-existent (less than 2%). 
Table 3.6 Sieve analysis of fine aggregate 
Total weight of Coarse Sand: 2 Kg 
IS Sieve 
10 mm 
4.75 mm 
2.36 mm 
1.18mm 
600 M 
300 |a 
150^1 
Pan 
Weight 
Retained 
(gm) 
0 
0 
0 
281 
390 
1148 
Percent 
Weight 
Retained 
0 
0 
0 
14.05 
19.5 
57.4 
121 6.05 
60 
1 
Percent 
Weight 
Passing 
100 
100 
100 
85.95 
66.45 
9.05 
3 
-
Cumulative 
percent weight 
Retained 
0 
0 
0 
14.05 
33.55 
90.95 
97 
-
Sum = 235.55 
Table 3.7 Physical properties of fine aggregate 
Characteristics 
Grading 
Fineness modulus 
Specific gravity 
Density (loose) kN/m'^  
Density (compacted) kN/m^ 
Water absorption (%) 
Observed values 
Zone-IU (IS: 383-1970) 
2.36 
2.61 
16.05 
17.8 
0.8 
The process of preparation of polymer mortar is explained schematically in Fig. 3.4 
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3.3.4 Casting of Polymer Mortar Test Specimen 
The compressive strength of the polymer mortar composite was determined by casting 
mortar cubes of 70.7 mm si2:e taking different percentages (10, 15 and 20 %) of resin 
by weight of aggregate. The unit weight of the resin was 1.1 gm/cc while that of 
polymer mortar was 1.78 gm/cc. Three cubes were tested for each set. 
The tensile strength of polymer mortar was determined by casting briquettes with 
different percentages of resins by weight of aggregate (10, 15 and 20%). After 
casting, cubes and briquettes, these were left at room temperature for curing and 
setting. 
3.3.5 Chemical Composition 
To determine the chemical composition of unsaturated polyester resin, carbon, 
hydrogen and nitrogen contents of the polymer-mortar composite were determined by 
elemental analysis using elemental analyzer (Carlo-Erba 1180). 
3.3.6 Characterization of Polymer Mortar 
The characterization of the polymer mortar composite material requires the 
determination of 
i) thermal resistance of material, 
ii) chemical structure, 
iii) crystalline/amorphous nature, and 
iv) morphology of the material 
which were determined with '.he help of the following tests: 
i) Thermo gravimetric analysis-differential thermal analysis (TGA-DTA) 
ii) Fourier transform infrared spectroscopy (FTIR) 
iii) X-ray 
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iv) Scanning electron microscopy (SEM) 
The instruments used in the above tests along with its purpose are given in subsequent 
sub-heads. 
i) Thermo gravimetric analysis-differential thermal analysis (TGA-DTA) 
This test was carried out for determining the thermal resistance of the material at high 
temperature by using automatic thermal analyzer (Perkin Elmer, Pyris Diamond USA, 
TG/DTA analyser.), as shown in Fig. 3.5. 
Figure 3.5 TG/DTA Analyzer 
ii) Fourier transform infrared spectroscopy (FTIR) 
This test was carried out to verify the chemical structure of the three dimensional 
matrix of styrene supported polymer mortar composite by using FTIR 
spectrophotometer (Perkin Elmer Spectrum-BX. U.S.A.). 
iv) X-ray 
The X-ray diffraction pattern of the polymer mortar composite was recorded to 
ascertain the nature of the material, whether it is crystalline or amorphous by a Bruker 
AXS D8 Advance X-ray diffractometer with Cu Ka radiation as shown in Fig. 3.6. 
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Figure 3.6 X-ray diffractrometer 
iv) Scanning electron microscopy (SEM) 
To study the morphology of the material, SEM was performed on polymer mortar 
composite by a scanning electron microscope Leo 435 VP (Fig. 3.7) at magnification 
of 3.5 KX. The SEM was also performed on 1:3 cement sand mortar for its 
comparison with polymer mortar. 
Figure 3.7 Scanning electron microscope 
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3.4 RESULTS AM) DISCUSSIONS 
3.4.1 Depolymerization of Resin 
In the study of depolymerization of PET obtained from waste bottles by glycolysis, 
three groups of glycolysis experiments, as given earlier in the chapter, are 
subsequently discussed. The results of glycolysis conversion for these experiments are 
plotted in Figs. 3.8 to 3.10. 
a) Experiment - 1 (GT = 190"C, GH = 8 hrs, C = 0.25-1.75%): 
It is observed through these experiments (Table 3.3 and Fig. 3.8) that the glycolysis 
conversion increased with an increase in the amount of catalyst (zinc acetate). But 
after the critical amount of catalyst was reached, the glycolysis conversion decreases. 
The glycolysis conversion was found maximum (98.7%) when the zinc acetate was 
0.25% by weight of PET. 
b) Experiment - 2 (GT = 190''C, GH = 2-10 hrs, C = 0.25%): 
It is observed through these experiments (Table 3.4, Fig. 3.9) that the glycolysis 
conversion increased with an increase in the glycolysis time and approached a steady 
state at about 8 hours - it was 89% at 5 hours and 99.3%) 8 hours. 
c) Experiment - 3 (GT = 140-210^0, GH = 8 hrs, C = 0.25%): 
It is found from the experiments (Table 3.5, Fig. 3.10) that the glycolysis conversion 
was almost 0%o at glycolysis temperature below I40°C. The glycolysis conversion 
increases with increase in temperature above 140°C. The conversion was about 50% 
atl70°Cand98.8%atl90°C. 
There may be other combinations of variables at which glycolysis is possible but 
since the primary purpose of the present study was to obtain a condition at which the 
PET bottles are depolymerized completely and this objective was satisfactorily 
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achieved at the above mentioned combination of parameters, therefore other possible 
combinations were not tried. 
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PET 
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3.4.2 Characterization of Resin 
The depolymerization of PET accomplished by esterification reaction using zinc 
acetate as an esterification catalyst, produced bis-2 hydroxy ethylene terephthalate 
(BHET) monomers and oligomers. The chemical reaction involved in the 
depolymerization of PET is given as; 
- fCH2-CH2-0 - C 
0 
II 
HO--CH2~CH2-0 - C -
PET 
C—0^+2H0—CH2- -CH2-OH 
Zn(CH3COO)2 
) 
.1 
C—0 —CH2—CH2—OH 
Bis-2 hydroxy ethylene terephthlate (BHET) 
The BHET fractions of glycolyzed product of PET as prepared by optimal glycolysis 
conditions as given above, i.e. amount of the catalyst as 0.25% by weight of PET, 
glycolysis temperature 190 °C, glycolysis time 8 hours and 1:4 PET to glycol ratio 
were used for the preparation of unsaturated polyester resin by polycondensation with 
maleic/phthaleic anhydrides. A segment of polyester obtained from polycondensation 
of glycolyzed product i.e. BHET might have the following structure: 
COOH 0 
I II y 
CH=CH +HO-CH2"CH2-0-CX^ I \ 
COOH 
BHET 
9 0 
I! II 
- (OC-CH=CH-C-0-CH2-CH2-0-C-
0 COOH 
II I 
- C-O - CH2 -CH2 -OH + CH =CH 
COOH 
0 0 
- C - 0 ~ CH2-CH2-O-C- CH =CH~CO y 
Unsaturated Polyester (UPE) 
Appreciable cw-trans isomerlzation generally occurs during polyesterification of 
unsaturated anhydrides. Such isomerization is marked particularly with the maleic 
anhydride, which becomes incorporated into the polymer chains mostly as fumerate 
groups. At these unsaturated sites the cross linking occurs with styrene. 
70 
3.4.3 Structural and Physio-Chemical Properties of Polymer Mortar 
The polymer mortar composite was prepared by the cross linking between the styrene 
and unsaturated polyester resin as derived above. The reaction is initiated by addition 
of free radical organic peroxide i.e. benzoyl peroxide as initiator and N, N-diethyl 
aniline as promoter which were taken as 0.5% and 1% of UPER respectively. Curing 
of unsaturated polyester resin took place because the styrene combined with reactive 
double bond of unsaturated polyester chains, which are activated by the free radical 
initiator and promoter. Thus, bonds can be formed between styrene and the 
unsaturated polyester resin, giving the three-dimensional matrix of styrene supported 
UPER as: 
0 0 
II II 
- fOC-CH =CH - C - 0 - C H 2 - C H 2 ~ 0 -C 
+ 
CH <f > 
Styrene 
-CH 
4 0 C - C H -CH - ~ C - 0 - C H 2 - C H 2 - 0 - C -
r 
CH2 
I \ 1 
0 0 
X 'I " 
^ C - 0 - C H 2 - C H 2 - 0 - C - C H = C H - C O ) -
CH2 
N,N, diethyl aniline ^ \ 
+ 
Benzoyl peroxide 
Styrene 
CH2 
\ \ 1 
2^ 
0 0 C H — < 
il II I ^ ^ , 
- C - 0 - C H 2 - C H 2 - 0 - C - C H - C H - C O ) -
CH € 
Cross linked Unsaturated Polyester reisns 
CH2 
I—I I 
The styrene supported unsaturated polyester resin can be cured with different types of 
aggregates, to produce polymer mortar composite. Polymer mortar composite derived 
from styrene supported unsaturated polyester resin have carbon, hydrogen nitrogen (C 
= 2.38%, H = 0.08%, N = 0.07%). These results support the chemical structure of 
unsaturated polyester resin. 
The compressive and tensile strength of polymer mortar with varying percentages of 
resin (10, 15 and 20%)) by weight of sand was determined at 15, 30 and 45 days. The 
compressive strength was determined using cubes of 70.7 mm size and the tensile 
strength was determined with the help of briquette test. A briquette during tensile 
testing is shown in Fig. 3.11. The cubes tested in compression failed by the 
development of vertical cracks. The cracks do not pass through the aggregate; rather 
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causes bond failure between aggregate and the resin. The failure of briquette in 
tension is also by bond failure. 
Figure 3.11 Briquette of polymer mortar composite under tensile 
test 
The variation of compressive and tensile strength of polymer mortar with age is 
plotted in Fig. 3.12 for different percentages of resin. It is observed from the figure 
that the gain in compressive strength at 45 days over 15 days strength varies from 28 
to 29% whereas gain in tensile strength at 45 days over 15 days varies from 49 % to 
77%. The 15 days tensile strength is about 16% of its compressive strength at the 
same age whereas 45 days tensile strength varies from 18% to 23% of its compressive 
strength at the same age. 
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Figure 3.12 Variation of compressive and tensile strength with 
age 
An indication of possible structure may be discussed in the light of the FTIR spectrum 
of the three-dimensional matrix of styrene-supported polymer mortar composite (Fig. 
3.13). The twisting and wagging vibration frequencies of the methylene group -CH2 
were in the region of 1300 to 1200 cm'' [Rao (1963)]. These vibration frequencies are 
weaker than the scissoring and rocking vibration frequencies. The bands near 1700 
and 1500 cm' are characteristics of the aromatic ring and also for carbonyl group 
itself [Rao (1963)]. Thus, a small sharp peak in the region of 1600 cm'' may be due to 
the presence of carbonyl group of the resin. An intense absorption band around the 
region 3000 cm'' may be due to the presence of-CH stretching vibration frequency of 
benzene ring in the plane. The -CH out of plane deformation vibration frequency of 
benzene ring was observed in the region around 593 cm' [Rao (1963)]. These peak 
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positions justified the structure of styrene supported polyester resin present in 
polymer mortar composite. 
SOOO AOOO 3000 2000 1S00 
Wovenum&er/Cm 
1000 S90 
Figure 3.13 FTIR spectra of polymer mortar 
composite. 
The weight loss vs. temperature characteristics of the polymer mortar composite 
varied significantly as shown in Fig. 3.14, which also indicates the utility of TGA for 
providing relative thermal stability of this polymer mortar composite. The thermal 
degradation curve for this polymer mortar composite was fairly constant as the results 
indicate a continuous weight loss of mass of 1.18% upto 293°C, which may be due to 
the removal of moisture content of polymer mortar composite. A slow weight loss of 
mass of about 8.85% at 787 °C may be due to a partial decomposition of organic part 
of polymer mortar composite. 
Studies of thermal degradation of polymeric materials in polymer mortar composites 
are important on two accounts: the practical and scientific. On the practical side TGA 
studies not only explain the behavior of polymer exposed to high temperature but also 
help in establishing criteria for the selection of materials for specific use [Duval 
(1963)]. The TGA analysis indicates that the polymer resins obtained after recycling 
of PET bottles have high thermal resistance and can be used in various civil 
engineering applications as a binder. 
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Figure 3.14 TGA-DTA curves of polymer mortar composite. 
The X-ray diffraction pattern of this composite material shows large peaks of 2 9 
values. The analysis of these sharp signal peaks indicates the crystalline nature of the 
material as shown in Fig. 3.15. This crystalline nature can help to understand the 
physical properties. 
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Figure 3.15 Powder X-ray diffraction pattern of polymer mortar 
composite. 
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Scanning electron microscope (SEM) photograph of polymer mortar composite is 
presented at a magnification of 3.50 IcX (Fig. 3.16), which indicates the binding of 
inorganic aggregates with the styrene supported recycled polyester resin. The SEM 
picture also represents the porosity in the polymer mortar matrix and shows that it has 
a very low porosity in comparison to the cement mortar as given in Fig. 3.17. Thus, 
this material can be utilized for a variety of applications. 
3.5 CONCLUDING REMARKS 
The plastic waste may be used after recycling to produce polymer mortar by proper 
glycolysis of PET. The optimum conditions for the glycolysis of PET were observed 
at 190°C temperature, 8 hours of glycolysis time and 0.25% catalyst by weight of 
PET. The thermogravimetric analysis of polymer mortar composite indicates that the 
material is stable at high temperature (upto 800°C) and X-ray study shows that it is 
crystalline in nature. The FTIR spectrum shows the possible chemical composition of 
the cross linked styrene supported polyester resin. The SEM picture of the polymer 
mortar matrix shows that it has a very low porosity in comparison to the cement 
mortar of even rich grade. 
The polymer composite has a compressive strength of about 10 MPa grade, and may 
be used in applications such as pavements, median barriers, sewer pipes etc. The 
tensile strength of mortar at 45 days of age is 18-23% of its compressive strength at 
the same age. The 15 day compressive strength is about 60% of its 45 day strength; 
therefore stripping time of polymer composite may be taken as 15 days. The gain in 
strength after 45 days was studied for 10%) resin and was found to be only nominal 
but for other percentages of resin, there may be increase in strength beyond 45 days. 
The study pertaining to other sets of polymer mortar and polymer concrete are 
presented in subsequent chapters. 
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Figure 3.16 Scanning electron microphotographs (SEM) of polymer 
mortar composite at the magnification of 3.50 kX. 
Figure 3.17 Scanning electron microphotographs (SEM) of 1:3 cement 
mortar composite at the magnification of 3.50 kX. 
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Chapter 4 
Glycolysis for Other Sets of Experiments and 
Preparation of Polymer Mortar and Concrete 
Specimens 
4.1 INTRODUCTION 
In the study presented in Chapter 3 for PET to Glycol ratio of 1:4, the curing was 
carried out at room temperature and it was found that there was not much difference 
in the strength for 10% and 20% resin. Also the curing time was much higher and 
uncharacteristic of polymers and the strength of polymer mortar was low. It is due to 
these reasons that the quantity of PET was increased, the percentage of resin was kept 
at 10% by weight of aggregate and the curing was done in an oven at 150°C for 72 
hours. The new sets (Set Nos. 1 to 8) thus designed for achieving better results are 
already given in Table 3.1. The deploymerization of PET through glycolysis, as 
discussed in previous chapter, was carried out for these sets. For each set, microscopic 
studies were conducted on neat resin, whereas, both macroscopic as well as 
microscopic studies were conducted on polymer mortar prepared using the developed 
resin. The microscopic studies carried out on cured neat resin and polymer mortar 
include X-ray, SEM analysis and TGA-DTA. For deciding optimal set preliminary 
macroscopic studies conducted on polymer mortar was the determination of 
compressive strength. Whereas the macroscopic tests conducted on polymer concrete 
were compression test and split tension test. Out of the eight sets given in Table 3.1, 
the sets giving good results were identified and further studies for assessing the 
mechanical behaviour of polymer concrete were conducted on these sets, which are 
presented in the next Chapter. 
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4.2 PRODUCTION OF POLYMER RESIN 
The diethylene glycol was used for glycolysis and subsequent depolymerization of 
PET, whereas zinc acetate was used as catalyst. Maleic anhydride and phthalic 
anhydride or only Maleic anhydride were used to carry out non-catalyzed melt 
polyesterification reaction. For the preparation of cured resin, benzoyl peroxide as 
initiator and N, N-diethyl aniline as promoter were used in group I and II (Set Nos. 1 
to 4). Where as in the remaining sets, MEKP and CoNp were used as initiator and 
promoter systems respectively. These chemicals were obtained from CDH (India). 
The styrene monomer obtained from GSC (India) was used to reduce the viscosity of 
the resin and to allow the cross linking of the molecular chains. All chemicals and 
reagents were of analytical reagent grade. The list of all chemical used along with 
their purpose is already given in Table 3.2. The resin was prepared in the polymer 
concrete laboratory of the Department of Civil Engineering, AMU Aligarh (Fig. 3.3). 
The resin was prepared using different combinations of PET to glycol ratio, dibasic 
acids, initiators and promoters for finding out their effect on the strength of polymer 
concrete, thus finding out the best possible combination that can be used for further 
investigations. The different combinations of chemicals used in the preparation of 
different sets are given in Table 3.1. The quantities of the chemicals used in different 
sets are as given in Table 4.3. The unit weight of the resin was found to be 1.15 gm/cc 
for all the sets. 
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Table 4.1 Sieve analysis of coarse aggregate 
Total weight of Coarse Agg 
IS Sieve 
10 mm 
4.75 mm 
2.36 mm 
1.18mm 
600 ^ 
300 M 
150 |i 
Pan 
Total 
Weight 
Retained 
(gm) 
906 
1282 
703 
64 
32 
4 
9 
-
regate : 
Percent 
Weight 
Retained 
30.20 
42.73 
23.43 
21.33 
1.06 
0.13 
0.33 
-
3 Kg 
Percent 
Weight 
Passing 
69.80 
27.0 
3.60 
1.50 
0.40 
0.30 
0.00 
-
Cumulative 
percent weight 
Retained 
30.20 
72.93 
96.36 
98.49 
99.55 
99.70 
100.00 
-
Sum = 597.21 
Table 4.2 Physical properties of coarse aggregate 
Characteristics 
Grading 
Fineness modulus 
Specific gravity 
Density (loose), kN/m'' 
Density (compacted), kWm^ 
Water absorption (%) 
Crushing Value (%) 
Impact Value (%) 
Observed values 
Zone-Ill (IS: 383-1970) 
5.97 
2.46 
13.3 
15.5 
1.7 
17.83 
13 
80 
0.15 
Zone III Of IS 383-1976 
0 Coarse Sand 
2.15 415 6.15 
Sieve Size (mm) 
8.15 
Figure 4.1 Grading curve of the sand used 
Table 4.3 Mix proportions of different materials used in preparation of resin 
PET:Glycol:: 1:1 PET:Glycol:: 2:1 
Material 
PET 
Glycol 
Zinc acetate 
Maliec Anhydride 
Phthalic Anydride 
Maliec Anhydride 
only 
Quantity 
250 g 
225 ml (250 gm) 
0.25% of PET 
125 g 
125 g 
250 g 
Material 
PET 
Glycol 
Zinc acetate 
Maliec Anhydride 
Phthalic Anydride 
Maliec Anhydride 
only 
Quantity 
250 g 
112ml(125gm) 
0.25% of PET 
125 g 
125 g 
250 g 
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4.3 PREPARATION OF POLYMER MORTAR AND CONCRETE 
The unsaturated polyester resin (UPER) prepared was diluted with styrene in order to 
reduce its viscosity. The amount of styrene taken was 0.63 ml/g of UPER. Initially the 
styrene taken was with respect to the amount of PET [Rabeiz and Fowler (1996)] as 
143% by weight of PET as given in Sec.3.3.4. But during the course of research work, 
it was found that keeping the amount of styrene with respect to PET became rather 
difficult especially when large amount of resin was used. It was not possible to 
determine the amount of PET utilized in a certain amount of resin taken from the total 
amount of UPER. Therefore, it was decided that the amount of styrene to be taken 
should be with respect to the amount of UPER used rather than with respect to PET. 
Then this diluted resin was mixed with free radical initiator and promoter before 
mixing it with inorganic aggregate. The weight of resin taken was 10% by weight of 
aggregate. In case of Benzoil per oxide (BPO) and N, N- diethyl aniline as initiator 
and promoter system, these these were mixed first and then the resin was mixed with 
it prior to its mixing with aggregates. In the case of Methyl ethyle ketone per oxide 
(MEKP) and Cobalt naphthanate (CoNp), resin was first poured on the aggregates and 
then MEKP was added in the resin followed by CoNp and then the entire system was 
mixed manually. 
The properties of fine aggregate i.e. coarse sand used for the preparation of polymer 
mortar composite and polymer concrete are already given in Sec. 3.3 and the grading 
is shown in Fig. 4.1. The locally available crushed stone aggregate of quartzite origin 
having a maximum nominal size of 10 mm was used as coarse aggregate. The sieve 
analysis and physical properties of coarse sand are given in Table 4.1 and 4.2 
respectively. 
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Cylinder (75x150 mm) 
Cube (150 mm) 
Figure 4.2 Cast iron moulds for casting cubes and cylinders 
4.4 TESTING OF POLYMER MORTAR AND CONCRETE 
Polymer mortar cubes of 70.6 mm size, polymer concrete cubes of size 150 mm and 
cylinders of 150 mm length and 75 mm diameter were prepared using the cast iron 
moulds that are used for plain concrete (Fig. 4.2). The specimens were tested for 
determining the compressive strength as per IS 516 - 1959. splitting tensile strength 
as per IS: 5816 - 1970. The modulus of elasticity and Poisson's ratio were also 
determined. The specimens under compression and split tension test are shown in Fig. 
4.3. 
The test data of polymer mortar cubes of different sets is given in Tables 4.4 to 4.11 
and that for concrete cubes is given in Tables 4.12 to 4.19. The split tensile strength of 
PC obtained from testing of cylinders is given in Table 4.20. 
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a) Cube under compression test a) Close view of compression cube 
indicating cracks 
BJ^ ^'!ILJ 
c) Specimen under split tension test 
Figure 4.3 Testing of cubes and Cylinders 
4.5 CHARACTERIZATION OF RESIN AND POLYMER MORTAR 
The characterization of hardened polymer resin and polymer mortar composite 
material requires the determination of: 
i) morphology of the material 
ii) crystalline/amorphous nature 
ill) thermal resistance of material 
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which were determined with the help of the following tests: 
i) Scanning electron microscopy (SEM) 
In order to study the difference in the morphology of the hardened resin of different 
sets (i.e. set I to 8), SEM was performed. The SEM was also performed on the 
hardened cement paste for its comparison with hardened polymer resin. The SEM 
photographs of various sets is shown in Fig 4.4 
ii) X-ray 
The X-ray diffraction pattern of the hardened polymer resin was recorded to ascertain 
the nature of the material, whether it is crystalline or amorphous by a Bruker AXS D8 
Advance X-ray diffractometer with Cu Ka radiation. 
iii) Thermo gravimetric analysis-differential thermal analysis (TGA-DTA) 
The thermogravimetric analysis was carried out for determining the thermal resistance 
of the hardened polymer resin and the polymer mortar composite material at high 
temperature by using automatic thermal analyzer. 
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Setl Set 2 
Set 3 Set 4 
Set 7 Set 8 
Figure 4.4 Scanning electron microphotographs (SEM) of hardened resin 
of various sets at the magnification of 2.00 Kx. 
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4.6 RESULTS AND DISCUSSIONS 
The test results discussed in the section are pertaining to the testing of hardened 
polymer resin, polymer mortar and polymer concrete. The results are discussed under 
the following heads: 
i) Mechanical properties of polymer mortar 
• Compressive strength 
• Stress-strain behaviour 
ii) Mechanical properties of polymer concrete 
Compressive strength 
Split tensile strength 
Stress-strain behaviour 
Young's modulus of elasticity 
Poisson's ratio 
iii) Physio-chemical properties of hardened polymer resin and hardened polymer 
mortar 
4.6.1 Mechanical Properties of Poiymer Mortar 
The cubes of polymer mortar of 70.6 mm size were tested in direct compression in the 
Department of Civil Engineering, AMU, Aligarh. The vertical load and corresponding 
vertical deformation were recorded. The stress-strain curves plotted for the 
experimental data are shown in Figs. 4.5 to 4.12 for set numbers 1 to 8 respectively. 
The ultimate crushing strain after applying zero correction and the compressive 
strength of polymer mortar for different sets of resin is given in Table 4.20. The 
results are discussed in subsequent sections. 
The polymer mortar composite was formed by the cross linking of styrene with the 
UPER in the presence of free radicals. The free radicals were provided by initiator 
benzoil per oxide (BPO) with N, N-diethyl aniline (NNDA) acting as promoter in 
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group I and II. In the other groups i.e. (groups III and IV), the free radicals were 
provided by methyl ethyl ketone per oxide (MEKP) as initiator and cobalt naphthanate 
(CoNp) as promoter. 
4.6.1,1 Compressive Strength 
The observations made from the results given in Table 4.20 are given and discussed in 
the following: 
i) The compressive strength of PM produced with MEKP as initiator (i.e. group 
III and IV comprising of set numbers 5 to 8) is more than the compressive 
strength of PM produced with BPO as initiator (i.e. group I and II comprising 
of set numbers I to 4). This is also confirmed from the SEM photographs, 
wherein the linkages shown in the case of MEKP are more in numbers. 
ii) The compressive strength of the sets with PET to glycol ratio of 2:1 is more 
than that of 1:1. Higher PET to glycol ratio was not tried as they lead to the 
brittleness of the polymer composites. 
iii) The compressive strength of polymer mortar of group 1 (set 1 and 2) is more 
than that of group II (set 3 and 4). This may be due to the presence of phthalic 
anhydride in group I, which provides better site for the formation of cross 
chains [Brydson (1999)]. 
iv) Amongst all the sets, set 8 has the highest compressive strength of 28.5 MPa 
followed by set 6 which has compressive strength of 26 MPa. Both the sets 
have PET to glycol ratio of 2:1, but set 6 has both Maliec and phthalic 
anhydride and set 8 has only maliec anhydride. 
v) Amongst all the sets, set 3 has the lowest compressive strength of 15 MPa. It 
may be due to the lesser quantity of PET and the absence of phthalic 
anhydride. 
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4.6.1.2 Stress-Strain Cun e^s 
The observations made from the stress-strain diagrams plotted in Figs 4.5 to 4.12 are 
given and discussed in the following: 
i) The ultimate crushing strain of PM produced with MEKP as initiator (i.e. 
group III and IV comprising of set numbers 5 to 8) is less than the crushing 
strain of PM produced with BPO as initiator (i.e. group I and II comprising of 
set numbers 1 to 4). This is also confirmed from the SEM photographs, 
wherein the linkages shown in the case of MEKP are more in numbers. 
ii) The ultimate crushing strain for PM produced with BPO as initiator (i.e.groups 
I and II) with PET to glycol ratio of 2:1 is less than that of 1:1. Whereas it is 
vice versa in the case of PM produced with MEKP as initiator (i.e.groups III 
and IV). 
iii) The ultimate crushing strain of polymer mortar of group I (set I and 2) is more 
than that of group II (set 3 and 4). 
iv) Amongst all the sets, set 1 has the highest ultimate crushing strain of 6.90% 
followed by set 2 and set 8 which have a ultimate crushing strains of 4.26% 
and 4.16% respectively. 
v) Amongst all the sets, set 7 has the lowest ultimate crushing strain of about 
1.39%. 
vi) All the stress strain curves may be categorized under the following two 
categories: 
a. Linear in the beginning followed by parabolic curve: 
This type of curve is observed in set 1, 6 and 7. The curve is linear upto 
94.40%), 58.30%) and 63.62% of ultimate compressive strength for set 1,6 and 
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7 respectively. The beginning of parabolic curve indicates the initiation of 
breaking of linkages, thus leading to the development of micro cracks. 
b. Linear in the beginning followed by parabola and again becomes linear: 
The stress-strain curves of rest of the sets i.e. set numbers 2, 3, 4, 5 and 8 are 
of this type. The beginning of parabolic curve indicates the initiation of 
breaking of linkages, thus leading to the development of micro cracks. But the 
subsequent linear portion of stress-strain curve may be due to the reason that 
other linkages becoine active in sharing the load along with the partially 
broken linkages. It is due to this reason that the slope of the second linear 
portion of stress-strain curve is less than the slope of the first linear portion. 
4.6.2 Mechanical Properties of Polymer Concrete 
The cubes of polymer concrete of 150 mm size were tested in direct compression in 
the Department of Civil Engineering, AMU, Aligarh. The vertical load and 
corresponding vertical and lateral deformations were recorded. The direct 
compressive stress v/s longitudinal and lateral strains are plotted in Figs 4.13 to 4.28 
for different sets of polymer concrete (PC). The values of compressive strength, split 
tensile strength and modulus of elasticity are given in Table 4.20. The ultimate 
crushing strain after applying zero correction is also given in the table. The results are 
discussed in subsequent sections. 
4.6.2.1 Compressive Strength 
The observations made from the results given in Table 4.20 are given and discussed in 
the following: 
i) The compressive strength of PC produced with MEKP as initiator (i.e. group 
III and IV comprising of set numbers 5 to 8) is more than the compressive 
strength of PC produced with BPO as initiator (i.e. group I and II comprising 
of set numbers 1 to 4). This is consistent with the results obtained for polymer 
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mortar cubes, and may be due to the cross linking sites being provided by 
phthalic anhydride [Brydson (1999)] leading to higher strength due to intense 
cross linking of polj'mer chains just like the structure of a fabric as shown in 
SEM photographs of hardened polymer resin shown in Figs. 4.37 and 4.38 
ii) The compressive strength of PC for the sets with PET to glycol ratio of 2:1 is 
more than that of 1:1 with exception of group III. Higher PET to glycol ratio 
was not tried as they lead to the brittleness of the polymer composites. 
iii) The compressive strength of polymer concrete of group I (set 1 and 2) is more 
than that of group II (set 3 and 4). This may be due to the presence of phthalic 
anhydride in group I, which provides better site for the formation of cross 
chains [Brydson (1999)]. 
iv) The compressive strength of polymer concrete of group III (set 5 and 6) is 
more than that of group IV (set 7 and 8). 
v) Amongst all the sets, set 5 has the highest compressive strength of 42.22 MPa 
followed by set 6 which has compressive strength of 35.56 MPa. Both the sets 
have MEKP as initiator and Maliec and phthalic anhydride as dibasic acids. 
vi) Amongst all the sets,, set 3 has the lowest compressive strength of 20 MPa. 
The result is consistent with the result of polymer mortar. It may be due to the 
lesser quantity of PET and the absence of phthalic anhydride. 
4.6.2.2 Stress Strain Curves 
The observations made from the stress-strain diagrams of PC plotted in Figs 4.13 to 
4.20 are given and discussed in the following: 
i) The ultimate crushing strain of PC produced with MEKP as initiator (i.e. 
group III and IV comprising of set numbers 5 to 8) is less than the crushing 
strain of PC produced with BPO as initiator (i.e. group 1 and II comprising of 
set numbers 1 to 4). This is also confirmed from the SEM photographs, 
wherein the linkages shown in the case of MEKP are more in numbers. 
ii) The ultimate crushing strain for PC produced with BPO as initiator (i.e. groups 
1 and II) with PET to glycol ratio of 2:1 is less than that of 1:1. Whereas it is 
vice versa in the case of PC produced with MEKP as initiator (i.e. groups III 
and IV). 
iii) The uhimate crushing strain of polymer concrete of group I (set 1 and 2) is 
more than that of group II (set 3 and 4). 
iv) Amongst all the sets, set 4 has the highest ultimate crushing strain of 5.69% 
followed by set 3 and set 2 which have a ultimate crushing strains of 5.21% 
and 4.35%) respectively. 
v) Amongst all the sets, set 6 has the lowest uhimate crushing strain of about 
1.59%. 
vi) All the stress strain curves are Linear in the beginning followed by parabolic 
curve. The curve is linear upto 33.60% to 85.26%) of compressive strength. 
The beginning of parabolic curve indicates the initiation of breaking of 
linkages, thus leading to the development of micro cracks. 
4.6.2.3 Modulus of Elasticity 
The modulus of elasticity of different sets of PC given in Table 4.20 is the initial 
tangent modulus worked out from stress-strain curves presented in Figs. 4.13 to 4.20 
after applying zero correction. The observations made from these results are given and 
discussed in the following: 
i) The modulus of elasticity of PC produced with MEKP as initiator (i.e. group 
III and IV comprising of set numbers 5 to 8) is more than the modulus of 
elasticity of PC produced with BPO as initiator (i.e. group I and II comprising 
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of set numbers 1 to 4). It is due to the reason discussed earlier in the section on 
compressive strength of PC. 
ii) There is no definite trend of the variation of modulus of elasticity when the 
PET to glycol ratio is varied. 
iii) The modulus of elasticity of polymer concrete of group III (set 5 and 6) is 
more than that of group IV (set 7 and 8). 
iv) Amongst all the sets, set 5 and 6 have the highest modulus of elasticity of 3.33 
GPa followed by set 1 and 8 which have the modulus of elasticity of 2.22 GPa. 
Both the sets 5 and 6 have MEKP as initiator and Maliec and phthalic 
anhydride as dibasic acids. 
v) Amongst all the sets, set 3 has the lowest modulus of elasticity of 0.48 GPa. 
The result is consistent with the result of compressive strength of polymer 
concrete. 
The higher value of modulus of elasticity of both sets 5 and 6, corroborates that 
material produced using MEKP is a rigid material and the lower values of E for set 2 
and set 3 suggest that the material is flexible one. The value of E for set 1 and set 8 
being equal indicates that both the material have the same rigidity. The maximum 
longitudinal strain of both the material is also almost the same i.e. about 3%. 
4.6.2.4 Poisson's Ratio 
The variation of longitudinal stress with lateral strain observed in compression testing 
of PC cubes is plotted in Figs. 4.21 to 4.28. The variations of Poisson's ratio with 
longitudinal stress of polymer concrete for various sets are plotted in Figs. 4.29 to 
4.36. The Poisson's ratio of PC has been taken as the ratio of lateral strain to 
longitudinal strain. 
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It is observed from the figures that in ail the sets except sets 2 and 3 Poisson's ratio is 
almost constant upto a certain stress level, which has been taken as the recommended 
value of Poisson's ratio (given in Table 4.20) and thereafter it increases till the failure 
of the specimen. The increase in Poisson's ratio close to the failure of the specimen is 
due to the rapid growth of micro-cracks in PC and thus the values of lateral strain 
prior to the failure of PC would be heavily subjected to local variations. 
4.6.3 Physio-Chemical Properties of Hardened Polymer Resin and Polymer 
Mortar 
Physio-chemical properties of hardened polymer resin and polymer mortar were 
determined by conducting the following tests: 
i) Scanning Electron Microscopy (SEM) 
ii) X-ray diffraction pattern 
iii) Thermo Gravimetric Analysis-Differential Thermal Analysis (TGA-DTA) 
4.6.3.1 Scanning Electron Microscopy (SEM) 
Scanning electron microscope (SEM) photograph of hardened polymer resin of all the 
eight sets is presented at a magnification of 2.00 kX (Fig. 4.4), which indicates the 
polymerization process of the styrene supported recycled polyester resin. The SEM 
pictures of all the sets clearly indicate that there is absolutely no porosity present in 
the hardened polymer resin. Two of the SEM pictures - one each from MEKP and 
BPO sets have been extracted from Fig. 4.4 and shown in Figs. 4.37 and 4.38 with 
enlarged view. A comparison of the two figures illustrates the difference of the 
morphology of the hardened polymer resin made of MEKP and BPO. 
For the sake of comparison of hardened polymer resin with cement paste, SEM 
photograph of hardened cement paste of 1 .•3 proportion is shown in Fig. 4.39. A 
comparison SEM photograph of hardened cement paste and hardened polymer resin 
shows that hardened cement paste has some porosity, whereas hardened polymer resin 
has almost negligible porosity. 
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4.6.3.2 X-ray Diffraction Pattern 
The X-ray diffraction patterns of hardened polymer resin and polymer mortar for 
various sets are given in Figs. 4.40 to 4.55. The analysis of the X-ray pattern indicates 
the amorphous nature of the hardened polymer resin, whereas the X-ray diffraction 
pattern of hardened polymer mortar composite material shows large peaks of 29 
values indicating the crystalline nature of the material. This change in the nature of 
the material from amorphous to crystalline may be due to the presence of coarse sand 
in the polymer mortar composite. 
4.6.3.3 Thermo Gravimetric Analysis-Differential Thermal Analysis (TGA-DTA) 
TGA-DTA studies were conducted to study the effect of temperature on the hardened 
polymer resin and polymer mortar composites for various combinations as given in 
Table 3.1. The test was conducted on hardened resin and polymer mortar upto 1000° 
Celsius. 
A) Hardened Polymer Mortar 
The TGA curves of hardened polymer mortar of different sets are given in Figs. 4.56 
to 4.63. It may be seen from the figures that there are three curves in each figure, 
namely TGA, DTA and DTG curves. The observations made from these figures are 
given and discussed below: 
i) The weight loss of hardened polymer mortar for set no. 1.2, 5, 6, 7 and 8 is 
less than 0.5% at 200°C, whereas in the remaining sets i.e. set 3 and 4 the 
weight loss at the same temperature varies from 5.22% to 6.1%). 
ii) The weight loss of hardened polymer mortar for set nos. 1.2, 5, 6, 7 and 8 is 
less than 3%) at 300°C, whereas in the remaining sets i.e. set 3 and 4 the 
weight loss at the same temperature varies from 6.0%) to 7.\%. 
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iii) The TGA curves for all the sets of hardened polymer mortar except for sets 3 
and 4 remain almost flat indicating thermal stability upto 300°C, after which 
the curve shows a sharp decline. In the sets 3, and 4 the curves remain flat 
upto 100°C. 
iv) After 700°C almost 80% of the resin component of the polymer mortar 
composite material is decomposed. 
In view of the above discussion, sets 1.2, 5, 6, 7 and 8 show thermal stability upto 
200°C. Among all the sets, sets 2 show best thermal resistance. 
B) Hardened Polymer Resin 
The TGA curves of hardened polymer resin of different sets are given in Figs. 4.64 to 
4.71. It may be seen from the figures that there are three curves in each figure. These 
are: 
a) Thermo-gravimetric analysis curve (TGA) 
b) Differential-analysis curve (DTA) 
c) Differential thermal gravimetric curve (DTG) 
The observations made from these figures are given and discussed below: 
i) The weight loss of hardened polymer resin for set no. 1.2, 5, 6 and 7 is less 
than 1% at 100°C, whereas in the remaining sets i.e. set 3, 4 and 8 the weight 
loss varies from 1.28% to 1.38%. 
ii) The weight loss of hardened polymer resin for set nos. 1.2, 5, 6 and 7 is less 
than 3% at 200°C, v/hereas in the remaining sets i.e. set 3, 4 and 8 the weight 
loss varies from 3.68% to 4.75%. 
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iii) The TGA curves for all the sets of hardened polymer resin except for sets 3, 4 
and 8 remain flat almost upto 250°C, after which the curve shows a sharp 
decline. In the sets 3, 4 and 8 the curves remain flat upto 200°C. 
iv) After 450°Celsius the curve again becomes horizontal with almost 80% of the 
material being decomposed. 
In view of the above discussion, sets 1.2, 5, 6 and 7 show thermal stability upto 
200°C. 
Among all the sets, sets 5 and 6 show better thermal resistance. 
CONCLUDING REMARKS 
On the basis of the study presented in this chapter it is found that set 1, 2, 5 and 6 are 
better than the rest in all aspects of compressive strength, split tensile strength, 
modulus of elasticity and thermal stability. Therefore, these sets have been taken up 
for further investigation pertaining to flexural response, bond behaviour, shear 
response, behaviour under multi-axial state of stress and post cracking behaviour. 
These studies are presented in subsequent chapters. 
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Table 4.4 Load deflection data of polymer mortar cube for set 1 
PET:GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
Diethylene Glycol 
Maliec and Phthalic Anhydride 
Benzoil Per Oxide 
N, N-Diethyl Aniline 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
Vertical 
Deflection 
mm 
0 
0.88 
1.05 
1.18 
1.35 
1.50 
1.62 
1.82 
2.02 
2.22 
Load 
kN 
50 
55 
60 
65 
70 
75 
80 
85 
90 
Vertical 
Deflection 
mm 
2.42 
2.60 
2.82 
3.08 
3.28 
3.48 
3.7 
3.94 
4.87 
Table 4.5 Load deflection data of polymer mortar cube for set 2 
PET: GLYCOL:: 2:1 
Glycol 
Dibasic Acids 
Initiator 
Promoter 
Diethylene Glycol 
Maliec and Phthalic Anydride 
Benzoil Per Oxide 
N, N-Diethyl Aniline 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
Vertical 
Deflection 
mm 
0 
0.62 
0.77 
0.78 
0.83 
0.90 
0.96 
1.02 
1.07 
1.13 
1.19 
1.23 
1.29 
Load 
kN 
65 
70 
75 
80 
85 
90 
95 
100 
110 
120 
130 
140 
Vertical 
Deflection 
mm 
1.35 
1.52 
1.74 
2.0 
2.45 
2.28 
2.36 
2.48 
2.63 
2.81 
3.01 
3.53 
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Table 4.6 Load deflection data of polymer mortar cube for set 3 
PET:GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
Diethylene Glycol 
Maliec Anhydride only 
Benzoil Per Oxide 
N, N-Diethyl Aniline 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
Vertical 
Deflection 
mm 
0 
0.02 
0.04 
0.06 
0.16 
0.25 
0.38 
0.58 
Load 
kN 
40 
45 
50 
55 
60 
65 
70 
75 
Vertical 
Deflection 
mm 
0.82 
1.08 
1.38 
1.66 
1.98 
2.18 
2.42 
2.62 
Table 4.7 Load deflection data of polymer mortar cube for set 4 
PET:GLYCOL 
Glycol 
Dibasic Acids 
Initiator 
Promoter 
2:1 
Diethylene Glycol 
Maliec Anydride Only 
Benzoil Per Oxide 
N, N-Diethyl Aniline 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
Vertical 
Deflection 
mm 
0 
0.05 
0.09 
0.13 
0.32 
0.63 
0.70 
0.78 
0.84 
0.93 
1.00 
1.08 
L14 
Load 
kN 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
Vertical 
Deflection 
mm 
1.25 
1.33 
1.43 
1.52 
1.68 
1.72 
1.78 
1.90 
1.97 
2.05 
2.13 
2.20 
2.28 
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Table 4,8 Load deflection data of polymer mortar cube for set 5 
PET:GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
1:1 
Diethylene Glycol 
Maliec and Phthalic Anhydride 
MEKP 
CoNp 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
Vertical 
Deflection 
mm 
0 
0.02 
0.04 
0.06 
0.16 
0.25 
0.38 
0.58 
Load 
kN 
40 
45 
50 
55 
60 
65 
70 
75 
Vertical 
Deflection 
mm 
0.82 
1.08 
1.38 
1.66 
1.98 
2.18 
2.42 
2.62 
Table 4,9 Load deflection data of polymer mortar cube for set 6 
PET:GLYCOL 
Glycol 
Dibasic Acids 
Initiator 
Promoter 
2:1 
Diethylene Glycol 
Maliec and Phthalic Anydride 
MEKP 
CoNp 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
Vertical 
Deflection 
mm 
0 
0.04 
0.08 
0.12 
0.15 
0.22 
0.26 
0.32 
0.36 
0.40 
0.44 
0.46 
0.48 
0.51 
0.53 
Load 
kN 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
Vertical 
Deflection 
mm 
0.55 
0.58 
0.63 
0.70 
0.76 
0.82 
0.90 
0.96 
1.04 
1.14 
1.24 
1.32 
1.43 
1.52 
1.73 
100 
Table 4.10 Load deflection data of polymer mortar cube for set 7 
PET: GLYCOL :: 1:1 
Glycol 
Dibasic acids 
Initiator 
Promoter 
Load 
kN 
0 
10 
20 
30 
40 
50 
Vertical 
Deflection 
mm 
0 
0.08 
0.15 
0.20 
0.24 
0.27 
Diethylene Glycol 
Maliec Anhydride 
MEKP 
CoNp 
Load 
kN 
60 
70 
80 
90 
100 
110 
Vertical 
Deflection 
mm 
0.30 
0.33 
0.38 
0.45 
0.55 
0.98 
Table 4.11 Load deflection data of polymer mortar cube for set 8 
PET: GLYCOL :: 2:1 
Glycol : Diethylene Glycol 
Dibasic Acids : Maliec Anydride Only 
Initiator : MEKP 
Promoter : CoNp 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
Vertical 
Deflection 
mm 
0 
0.01 
0.02 
0.03 
0.05 
0.07 
0.09 
0.12 
0.15 
0.19 
0.23 
0.27 
0.32 
0.37 
0.42 
Load 
kN 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
142 
Vertical 
Deflection 
mm 
0.49 
0.56 
0.62 
0.70 
0.77 
0.88 
1 
1.18 
1.43 
1.73 
2.03 
2.28 
2.60 
2.94 
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Table 4.12 Load deflection data of polymer concrete cube for set 1 
PET:GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
1:1 
Diethylene Glycol 
Maliec and Phthalic Anhydride 
Benzoil Per Oxide 
N, N-Diethyl Aniline 
Load 
kN 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 
62 
Deflection (mm) 
Vertical 
0 
0.53 
1.04 
1.13 
1.15 
1.17 
1.17 
1.19 
1.20 
1.21 
1.22 
1.23 
1.24 
1.25 
1.26 
1.28 
1.29 
1.30 
1.32 
1.34 
1.35 
1.36 
1.38 
1.40 
1.41 
1.42 
1.43 
1.44 
1.46 
1.47 
1.48 
1.50 
1.51 
1.52 
1.53 
1.54 
1.56 
Horizontal 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.004 
0.008 
0.016 
0.016 
0.02 
0.02 
0.024 
0.028 
0.03 
0.03 
0.03 
0.03 
0.032 
0.032 
0.034 
0.034 
0.034 
0.034 
0.034 
0.036 
0.038 
0.038 
0.04 
0.04 
0.04 
0.04 
0.04 
Load 
kN 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
500 
568 
Deflection (mm) 
Vertical 
1.60 
1.62 
1.65 
1.69 
1.72 
1.75 
1.78 
1.82 
1.84 
1.88 
1.90 
1.92 
1.96 
2.00 
2.02 
2.05 
2.08 
2.14 
2.16 
2.20 
2.25 
2.28 
2.30 
2.35 
2.38 
2.40 
2.45 
2.50 
2.54 
2.58 
2.64 
2.70 
3.00 
3.40 
5.72 
6.15 
Horizontal 
0.04 
0.042 
0.046 
0.048 
0.052 
0.056 
0.06 
0.068 
0.08 
0.084 
0.096 
0.104 
0.12 
0.14 
0.152 
0.176 
0.192 
0.24 
0.252 
( 
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Table 4.13 
PET:GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
Load deflection data of polymer concrete cube for set 2 
2:1 
Diethylene Glycol 
Maliec and Phthalic Anhydride 
Benzoil Per Oxide 
N, N-Diethyl Aniline 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
Deflection ( m m ) 
Vertical 
0 
0.04 
0.06 
0.08 
0.10 
0.13 
0.16 
0.20 
0.24 
0.30 
0.36 
0.40 
0.45 
0.50 
0.58 
0.66 
0.70 
0.73 
0.76 
0.78 
0.80 
0.82 
0.85 
0.90 
0.96 
1.00 
1.08 
1.16 
1.24 
1.32 
1.40 
1.48 
1.54 
Horizontal 
0 
0.006 
0.012 
0.016 
0.020 
0.026 
0.040 
0.052 
0.064 
0.092 
0.116 
0.162 
0.212 
0.272 
0.318 
0.368 
0.422 
0.446 
0.470 
0.500 
0.534 
0.558 
0.574 
0.594 
0.624 
0.656 
0.680 
0.704 
0.740 
0.780 
0.804 
0.824 
0.840 
1.62 0.864 
1.73 0.880 
1.80 0.896 
1.87 
1.95 
2.08 
0.922 
0.952 
0.980 
Load 
kN 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
680 
Deflection ( m m ) 
Vertical 
2.18 
2.26 
2.33 
2.42 
2.54 
2.64 
2.71 
2.80 
2.87 
2.96 
3.10 
3.22 
3.34 
3.42 
3.53 
3.65 
3.64 
3.76 
3.87 
3.98 
4.09 
4.22 
4.35 
4.44 
4.53 
4.62 
4.73 
4.88 
5.00 
5.15 
5.27 
5.35 
5.46 
5.58 
5.72 
5.87 
5.97 
6.15 
6.52 
Horizontal 
1.070 
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Table 4.14 Load deflection data of polymer concrete cube for set 3 
PET:GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
1:1 
Diethylene Glycol 
Maliec Anhydride only 
Benzoil Per Oxide 
N, N-Diethyl Aniline 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
no 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
Deflection (mm) 
Vertical 
0 
0.05 
0.4 
0.66 
0.80 
0.88 
0.97 
1.04 
1.13 
1.22 
1.29 
1.39 
1.48 
1.54 
1.63 
1.68 
1.76 
1.85 
1.92 
2.00 
2.09 
2.22 
2.40 
2.54 
2.67 
2.81 
2.94 
3.10 
3.26 
3.40 
3.53 
3.68 
3.78 
3.91 
3.99 
4.11 
4.23 
4.38 
4.52 
Horizontal 
0 
0.002 
0.006 
0.01 
0.014 
0.02 
0.028 
0.034 
0.038 
0.042 
0.044 
0.048 
0.096 
0.066 
0.072 
0.076 
0.082 
0.088 
0.094 
0.104 
0.116 
0.136 
0.148 
0.164 
0.178 
0.194 
0.216 
0.234 
0.254 
0.278 
0.3 
0.32 
0.344 
0.372 
0.402 
0.434 
0.474 
0.508 
Load 
kN 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
Deflection (mm) 
Vertical 
4.68 
4.84 
4.98 
5.11 
5.25 
5.43 
5.63 
5.90 
6.16 
6.34 
6.54 
6.72 
6.90 
710 
7.30 
7.52 
7.82 
Horizontal 
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Table 4.15 Load deflecition data of polymer concrete cube for set 4 
PET:GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
2:1 
Diethyiene Glycol 
Maliec Anhydride only 
Benzoil Per Oxide 
N, N-Diethyl Aniline 
Load 
kN 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
205 
Deflection ( m m ) 
Vertical 
0 
0.03 
0.1 
0.18 
0.26 
0.29 
0.32 
0.35 
0.38 
0.40 
0.42 
0.45 
0.48 
0.50 
0.53 
0.55 
Horizontal 
0 
0.002 
0.004 
0.006 
0.008 
0.01 
0.012 
0.014 
0.016 
0.018 
0.018 
0.02 
0.02 
0.02 
0.022 
0.022 
0.58 1 0.022 
0.60 0.022 
0.63 0.024 
0.64 • 0.026 
0.68 ; 0.028 
0.70 0.03 
0.72 0.03 
0.76 0.03 
0.78 0.03 
0.81 
0.82 
0.85 
0.88 
0.90 
0.92 
0.95 
0.97 
1 
1.03 
1.05 
1.08 
1.11 
1.13 
1.15 
1.20 
1.22 
0.03 
0.032 
0.032 
0.034 
0.034 
0.036 
0.036 
0.036 
0.04 
0.042 
0.044 
0.048 
0.052 
0.056 
0.062 
0.066 
0.07 
Load 
kN 
280 
285 
290 
295 
300 
305 
310 
315 
320 
325 
330 
335 
340 
345 
350 
355 
360 
365 
370 
375 
380 
385 
390 
395 
400 
405 
410 
415 
420 
425 
430 
435 
440 
445 
450 
455 
460 
465 
470 
475 
480 
485 
Deflection ( m m ) 
Vertical 
1.78 
1.83 
1.88 
1.94 
1.98 
2.01 
2.05 
2.12 
2.20 
2.28 
2.34 
2.38 
2.44 
2.52 
2.59 
2.65 
2.73 
2.82 
2.90 
2.98 
3.06 
3.13 
3.20 
3.28 
3.37 
3.46 
3.55 
3.66 
3.77 
3.89 
4.01 
4.14 
4.24 
4.37 
4.51 
4.66 
4.82 
4.97 
5.11 
5.26 
5.41 
5.55 
Horizontal 
0.096 
0.096 
0.096 
0.098 
0.102 
0.108 
0.112 
0.116 
0.128 
0.128 
0.13 
0.136 
0.144 
0.152 
0.164 
0.2 
105 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
1.24 
1.26 
1.28 
1.32 
1.36 
1.40 
1.45 
1.5 
1.53 
1.56 
1.60 
1.63 
1.68 
1.74 
0.072 
0.074 
0.076 
0.076 
0.078 
0.08 
0.08 
0.082 
0.086 
0.088 
0.09 
0.09 
0.092 
0.094 
490 
495 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
5.71 
5.88 
6.06 
6.24 
6.44 
6.63 
6.84 
7.06 
7.30 
7.50 
7.74 
8.00 
8.26 
8.54 
Table 4.16 Load deflection data of polymer concrete cube for set 5 
PET: GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
1:1 
Diethylene Glycol 
Maliec and Phthalic Anhydride 
MEKP 
CoNp 
Load 
kN 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
no 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
Deflection (mm) 
Vertical 
0 
0.05 
0.14 
0.22 
0.27 
0.32 
0.38 
0.40 
0.44 
0.50 
0.55 
0.58 
0.62 
0.65 
0.68 
0.71 
0.75 
0.78 
0.80 
0.81 
0.84 
0.87 
0.89 
0.92 
0.94 
0.95 
0.98 
Horizontal 
0 
0 
0 
0 
0 
0 
0.002 
0.002 
0.002 
0.002 
0.004 
0.004 
0.004 
0.006 
0.006 
0.006 
0.004 
0.004 
0.004 
0.004 
0.006 
0.006 
0.006 
0.006 
0.008 
0.008 
0.01 
Load 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
Deflection (mm) 
Vertical 
1.40 
1.42 
1.44 
1.45 
1.48 
1.49 
1.51 
1.53 
1.54 
1.56 
1.58 
1.60 
1.61 
1.63 
1.64 
1.66 
1.68 
1.70 
1.73 
1.74 
1.76 
1.78 
1.80 
1.82 
1.84 
1.88 
1.90 
Horizontal 
0.038 
0.038 
0.04 
0.04 
0.04 
0.04 
0.04 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.044 
0.046 
0.048 
0.050 
0.052 
0.054 
0.056 
0.058 
0.060 
0.062 
0.064 
0.066 
0.068 
0.07 
106 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
1.00 
1.02 
1.04 
1.06 
1.09 
1.10 
1.12 
1.14 
1.16 
1.18 
1.20 
1.22 
1.23 
1.26 
1.27 
1.30 
1.32 
1.33 
1.36 
1.38 
1.39 
0.01 
0.01 
0.012 
0.014 
0.016 
0.018 
0.02 
0.022 
0.022 
0.02 
0.026 
0.028 
0.028 
0.032 
0.034 
0.036 
0.038 
0.038 
0.038 
0.038 
0.038 
750 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
1.92 
1.94 
1.97 
2.00 
2.04 
2.08 
2.10 
2.12 
2.14 
2.17 
2.20 
2.23 
2.29 
2.32 
2.37 
2.41 
2.45 
2.48 
2.53 
2.70 
3.10 
0.072 
0.074 
0.076 
0.08 
0.084 
0.086 
0.090 
0.092 
0.094 
0.098 
0.1 
0.102 
0.106 
0.108 
Table 4.17 
PET: GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
Load deflection data of polymer concrete cube for set 6 
2:1 
Diethylene Glycol 
Maliec and Phthalic Anhydride 
MEKP 
CoNp 
Load 
kN 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
Deflection (mm) 
Vertical 
0 
0.02 
0.05 
0.10 
0.15 
0.20 
0.23 
0.29 
0.31 
0.35 
0.40 
0.42 
0.48 
0.50 
0.53 
0.55 
0.60 
0.61 
0.65 
0.70 
Horizontal 
0 
0 
0 
0.002 
0.006 
0.012 
0.016 
0.02 
0.028 
0.03 
0.036 
0.04 
0.044 
0.046 
0.046 
0.048 
0.05 
0.054 
0.054 
0.06 
Load 
kN 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
Deflection (mm) 
Vertical 
1.15 
1.20 
1.21 
1.23 
1.25 
1.27 
1.29 
1.31 
1.33 
1.35 
1.38 
1.40 
1.43 
1.45 
1.49 
1.50 
1.52 
1.54 
1.56 
1.58 
Horizontal 
0.312 
107 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
0.72 
0.73 
0.74 
0.76 
0.78 
0.80 
0.82 
0.83 
0.88 
0.90 
0.92 
0.95 
0.97 
0.99 
1.01 
1.02 
1.04 
1.06 
1.09 
1.10 
1.12 
0.06 
0.06 
0.064 
0.064 
0.066 
0.066 
0.066 
0.068 
0.072 
0.076 
0.08 
0.096 
0.104 
0.108 
0.112 
0.112 
0.13 
0.14 
0.15 
0.158 
0.2 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
1.60 
1.63 
1.64 
1.68 
1.70 
1.72 
1.75 
1.77 
1.79 
1.82 
1.85 
1.88 
1.90 
1.93 
1.95 
1.98 
2.01 
2.05 
2.14 
2.38 
108 
Table 4.18 Load deflection data of polymer concrete cube for set 7 
PET: GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
Diethylene Glycol 
Maliec Anhydride only 
MEKP 
CoNp 
Load 
kN 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
Deflection (mm) 
Vertical 
0 
0.13 
0.23 
0.30 
0.36 
0.43 
0.49 
0.55 
0.60 
0.68 
0.72 
0.78 
0.83 
0.88 
0.93 
0.96 
1.01 
1.06 
1.10 
1.16 
1.22 
1.32 
Horizontal 
0 
0 
0 
0 
0.002 
0.002 
0.004 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.008 
0.008 
0.008 
0.008 
0.014 
0.016 
0.112 
0.112 
0.116 
Load 
kN 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
Deflection (mm) 
Vertical 
1.40 
1.45 
1.50 
1.54 
1.58 
1.63 
1.68 
1.74 
1.78 
1.82 
1.86 
1.92 
1.99 
2.05 
2.08 
2.13 
2.20 
2.25 
2.32 
2.40 
2.55 
Horizontal 
0.118 
0.118 
0.124 
0.126 
0.128 
0.128 
0.128 
0.128 
0.136 
0.140 
0.148 
0.152 
0.156 
0.164 
0.166 
0.168 
0.216 
0.216 
0.256 
0.264 
0.402 
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Table 4.19 Load deflection data of polymer concrete cube for set 8 
PET: GLYCOL 
Glycol 
Dibasic acids 
Initiator 
Promoter 
Diethylene Glycol 
Maliec Anhydride only 
MEKP 
CoNp 
Load 
kN 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
Deflection (mm) 
Vertical 
0 
0.1 
0.2 
0.3 
0.42 
0.50 
0.56 
0.63 
0.69 
0.75 
0.80 
0.88 
0.95 
1.01 
1.05 
1.10 
1.15 
1.22 
1.27 
1.30 
1.35 
1.40 
1.44 
1.50 
1.55 
1.58 
1.62 
1.66 
1.68 
1.72 
1.75 
1.78 
1.82 
1.86 
1.90 
Horizontal 
0 
0.001 
0.004 
0.006 
0.008 
0.01 
0.014 
0.016 
0.024 
0.032 
0.034 
0.034 
0.036 
0.038 
0.08 
0.042 
0.044 
0.046 
0.048 
0.05 
0.052 
0.054 
0.056 
0.058 
0.06 
0.064 
0.072 
0.076 
0.08 
0.086 
0.09 
0.094 
0.96 
0.098 
0.1 
Load 
kN 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
Deflection (mm) 
Vertical 
1.93 
1.96 
1.98 
2.01 
2.04 
2.08 
2.11 
2.14 
2.18 
2.21 
2.24 
2.26 
2.30 
2.32 
2.34 
2.38 
2.41 
2.48 
2.53 
2.56 
2.60 
2.65 
2.72 
2.76 
2.80 
2.88 
2.98 
3.05 
3.11 
3.22 
2.32 
3.40 
3.48 
3.92 
4.93 
Horizontal 
0.102 
0.104 
0.106 
0.11 
0.116 
0.12 
0.126 
0.13 
0.134 
0.14 
0.148 
0.154 
0.16 
0.168 
0.176 
0.186 
0.196 
0.208 
0.22 
0.236 
0.252 
0.268 
0.284 
0.316 
0.334 
0.35 
0.376 
0.4 
0.48 
0.69 
10 
Table 4.20 Mechanical properties of polymer mortar and concrete for 
different sets 
Set 
Nos. 
1 
2 
3 
4 
5 
6 
7 
8 
Compressive 
strength 
Polymer 
Mortar 
(MPa) 
18 
28 
15 
25 
22 
26 
22 
28.5 
Polymer 
Concrete 
(MPa) 
25 
30 
20 
27 
42.22 
35.56 
18.66 
30.66 
Ultimate Crushing 
Strain 
Polymer 
Mortar 
(%) 
5.65 
4.26 
3.71 
3.23 
1.64 
2.69 
1.39 
4.16 
Polymer 
Concrete 
(%) 
3.27 
4.35 
5.21 
5.69 
1.68 
1.26 
1.41 
3.09 
Split 
tensile 
strength 
of 
polymer 
concrete 
(MPa) 
5.65 
3.96 
3.96 
3.40 
5.00 
3.40 
7.60 
3.40 
Modulus 
of 
Elasticity 
of 
Polymer 
Concrete 
MPa 
2222 
833 
476 
1667 
3333 
3333 
1333 
2222 
Poisson's 
Ratio 
0.04 
-
-
0.06 
0.015 
0.13 
0.01 
0.06 
0.0 2.0 4.0 6.0 
Strain (%) 
8.0 
a. 
to 
10 
<u 
0.0 2.0 4.0 
Strain (%) 
6.0 
Figure 4.5 Stress strain curve of PM Figure 4.6 Stress strain curve of PM 
for set 1 for set 2 
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Figure 4.7 Stress strain curve of PM 
for set 3 
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Figure 4.8 Stress strain curve of PM 
for set 4 
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Figure 4.9 Stress strain curve of PM Figure 4.10 Stress strain curve of 
for set 5 PM for set 6 
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Figure 4.11 Stress strain curve of PM 
for set 7 
Figu re 4.12 Stress strain cu rve of PM 
for set 8 
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Figure 4.13 Stress strain curve of PC Figure 4.14 Stress strain curve of PC 
for set 1 for set 2 
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Figure 4.15 Stress strain curve of PC Figure 4.16 Stress strain curve of PC 
for set 3 for set 4 
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Figure 4.17 Stress strain curve of PC 
for set 5 
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Figure 4.18 Stress strain curve of PC 
for set 6 
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Figure 4.19 Stress strain curve of Figure 4.20 Stress strain curve of 
polymer concrete for set 7 polymer concrete for set 8 
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Figure 4.21 Variation of lateral 
strain of PC for set 1 
Figure 4.22 Variation of lateral 
strain of PC for set 2 
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Figure 4.23 Variation of lateral 
strain of PC for set 3 
Figure 4.24 Variation of lateral 
strain of PC for set 4 
116 
-0.2 -0.1 
Lateral Strain (%) 
Figure 4.25 Variation of lateral 
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Figure 4.26 Variation of lateral 
strain of PC for set 6 
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Figure 4.27 Variation of lateral 
strain of PC of set 7 
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Figure 4.28 Variation of lateral 
strain of PC of set 8 
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Figure 4.29 Variation of Poisson's Figure 4.30 Variation of Poisson's 
ratio with stress for set 1 ratio with stress for set 2 
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Figure 4.31 Variation of Poisson's 
ratio with stress of set 3 
Figure 4.32 Variation of Poisson's 
ratio with stress of set 4 
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Figure 4.33 Variation of Poisson's Figure 4.34 Variation of Poisson's 
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Figure 4.35 Variation of Poisson's Figure 4.36 Variation of Poisson's 
ratio with stress of set 7 ratio with stress of set 8 
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Figure 4.37 Scanning electron microphotographs (SEM) of hardened polymer 
resin using MEKP as initiator at the magnification of 2.00 Kx. 
Figure 4.38 Scanning electron microphotographs (SEM) of hardened polymer 
resin using BPO as initiator at the magnification of 2.00 Kx. 
120 
Figure 4.39 Scanning electron microphotographs (SEM) of hardened cement 
paste at the magnification of 2.00 Kx. 
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Figure 4.40 X-ray diffraction pattern of hardened polymer resin for set 1 
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Figure 4.41 X-ray diffraction pattern of hardened polymer resin for set 2 
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Figure 4.43 X-ray diffraction pattern of hardened polymer resin for set 4 
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Figure 4.47 X-ray diffraction pattern of hardened polymer resin for set 8 
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Chapter 5 
Flexural, Shear and Bond Strength of Polymer 
Concrete 
5.1 INTRODUCTION 
It was found in the previous chapter that the best results of compressive strength were 
obtained for sets 1, 2 and 5, 6 of chapter 4 in which mah'ec and phthalic anhydride 
were used as dibasic acids. Therefore using these dibasic acids further synthesis of the 
resin was carried out. The PET to Glycol ratio was kept at 1:1 and 2:1 with benzoil 
per oxide and N, N-diethyl aniline as initiator and promoter respectively in one group 
for both the ratios and methyl ethyl ketone per oxide and cobalt naphthanate as 
initiator and promoter respectively in other group for preparing flexural test, pull out 
test, post cracking behaviour of polymer concrete, tri-axial test and shear test 
specimens. Though the tensile strength of polymer concrete is found to be more than 
cement concrete, but still the PC is weak in tension as compared to its compressive 
strength. It is due to this reason that the PC should also be reinforced by placing 
reinforcing bars in tension zone. Thus requiring investigation of reinforced polymer 
concrete, which was carried out by bond test and flexural testing of reinforced 
polymer concrete beams. 
The initiator-promoter combinations of benzoil per oxide and N, N-diethyl aniline and 
methyl ethyl ketone per oxide and cobalt naphthanate will henceforth be termed as 
BPO and MEKP respectively. 
5.2 PREPARATION OF POLYMER CONCRETE 
The polymer concrete test specimens for flexure, shear and bond were prepared by 
using unsaturated polyester resin obtained from PET waste. The preparation 
procedure adopted for the preparation of polymer concrete was the same as described 
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in chapter 4, sec 4.3. The details of initiator, promoter, dibasic acids and PET to 
glycol ratios used in the four sets are given in Table 5.3 and the quantity of material 
used in the casting of beams is given in Table 5.4. The set numbers given in the table 
are the set numbers considered in the previous chapter. 
The specimens were prepared in the polymer concrete laboratory of the department of 
civil engineering, Aligarh fvluslim University, Aligarh (India). The specimens were 
properly packed in the cartons with sufficient cushioning material in between them, so 
that the specimens are not damaged during their transportation to IIT, Roorkee, for 
their subsequent testing. 
5.2.1 Tools Used 
The same tools such as spatula and trowel, as used in the preparation of cement 
concrete were used in the preparation of polymer concrete. After the mixing was 
complete the spatula and trowel were then immediately washed with water and soap 
so that the remaining material does not harden on their surface. 
5.2.2 Curing 
For set 0, considered in chapter 3, the curing of the material was carried out at room 
temperature as described in literature for the preparation of polymers. It was found 
that the polymer concrete does not gain any appreciable strength even after 45 days of 
curing. It was, therefore, decided that the curing be carried out at some elevated 
temperatures so as to facilitate the release of the free radicals. It was observed that 
proper hardening was not taking place and the material remained somewhat sticky 
even after seven days, suggesting that proper polymerization has not taken place, 
which in turn may be due to the inadequate presence of free radicals. It was observed 
that polymer concrete test specimens gained significant strength at high temperatures. 
After proper mixing the freshly prepared material was then put in moulds for the 
casting purpose. The specimens were then demoulded after 6 hours in the case of 
BPO and within 15 minutes in the case of MEKP. The demoulded material was then 
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left at room temperature for 12 hours, after which they were kept in an oven at 150°C 
for 72 hours for the curing purpose. 
5.2.3 Precautions 
During mixing, it was ensured that the materials do not come in contact with water 
because it interferes with the polymerization process. During the mixing process 
especially at the time when initiator and promoter were added, facemask was used to 
avoid the inhalation of toxic fumes. In order to avoid the contact with material, gloves 
were also used so that the free radicals that are being generated when the promoter 
reacts with the initiator do not affect the skin. 
5.2.4 Compression Tests 
For both the initiators used in the present study i.e. BPO and MEKP, a higher 
compressive strength was obtained when both maliec and phthalic anhydride were 
used for non-catalyzed polyesterification reaction, as compared to the polymer 
concrete cubes prepared with maliec anhydride only. Similar results were obtained for 
polymer mortar cubes, which may be due to the cross linking sites being provided by 
phthalic anhydride [Brydson, (1999)] leading to higher strength due to intense cross 
linking of polymer chains just like the structure of a fabric as shown in SEM 
photographs of Figs. 4.37 and 4.38. In view of these observations, further studies for 
studying the behaviour of the material under flexure, shear, pullout and under multi-
axial state of stress were carried out on polymer concrete produced by using the 
UPER prepared by both maliec and phthalic anhydrides. 
The compressive strength of polymer mortar and compressive strength and split 
tensile strength of polymer concrete of the finally selected four sets are given in Table 
5.1. 
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Table 5.1 Compressive and split tensile strength of polymer mortar and 
concrete cube and cylinder for both maliec and phthalic 
anhydride 
Sets 
5 
6 
1 
2 
Combination 
MEKP, 1:1 
MEKP,2:1 
BPO, 1:1 
BP0,2:1 
Compressive strength 
Polymer 
Mortar 
(MPa) 
18 
28 
22 
26 
Polymer 
Concrete 
(MPa) 
42.22 
35.56 
25 
30 
Split tensile 
strength of 
polymer 
concrete 
(MPa) 
5 
3.4 
5.65 
3.96 
The unit weights of different materials used in the preparation of polymer concrete 
test specimens are given in Table 5.2. 
From Table 5.2 it is observed that the unit weight of the composite material is more 
than the unit weight of the ingredients, suggesting that some of the resin has been 
absorbed by the aggregates. 
Table 5.2 Unit weight of different materials used in polymer concrete 
Material 
Coarse aggregate (fully compacted) 
Coarse sand (fully compacted) 
Polymer resin 
Composite material 
Unit weight in kN/m^ 
15.5 
17.8 
11.5 
21 
5.3 FLEXURAL TESTING OF PC BEAMS 
In the flexure test of concrete, the theoretical maximum tensile stress reached at the 
extreme tension fibre of a test beam is known as the modulus of rupture. The test is 
prescribed as a compliance test by BS: 5328 - 1991, but in USA, it is thought to be 
unsuitable for compliance purposes because of its relative complexity. The value of 
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modulus of rupture depends upon the dimensions of the beam and, above all, on the 
arrangement of loading. Therefore in order to have the uniformity at least in the type 
of loading, both in UK and USA, symmetrical four-point loading (at one third points 
of the span) is used. This kind of loading produces a constant bending moment 
between the load points so that one third of the span is subjected to the maximum 
bending stress, and therefore it is in this zone that the flexural cracking is likely to 
take place. 
The preferred size of the beam as prescribed by BS 1881: Part 118 - 1983 and 
adopted by Indian standard code of practice is 150 x 150 x 750 mm if the maximum 
size of the aggregate is more than 25 mm and if the maximum size is less than 25 mm 
then the size of the beam according to the code is 100 x 100 x 500 mm and the size of 
the beam as prescribed by ASTM C 78-84 is 152 x 152 x 508 mm. 
In order to determine the modulus of rupture of polymer concrete and reinforced 
polymer concrete, the flexural test specimens were prepared. In this study the sizes of 
the flexural beams taken were 50 mm x 50 mm x 305 mm as the maximum size of the 
coarse aggregate was 10 mm. These test specimens of un-reinforced and reinforced 
polymer concrete for four different sets as given in Table 5.3 were prepared. The ratio 
adopted for preparing the PC beams was 1:4:6 (resin : fine aggregate : coarse 
aggregate) by weight and the quantity of materials used in the making of beams is 
given in Table 5.4. 
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Table 5.3 
Set No. 
5 
6 
1 
2 
Different 
Beam ID 
PCBl/RPCBl 
PCB2/RPCB2 
PCB3/RPCB3 
PCB4/RPCB4 
combination of materials for preparing beams 
Different Combinations 
PET Glycol 
Ratio 
Type of Glycol 
Dibasic Acid 
Initiator 
Promoter 
PET Glycol 
Ratio 
Type of Glycol 
Dibasic Acid 
Initiator 
Promoter 
PET Glycol 
Ratio 
Type of Glycol 
Dibasic Acid 
Initiator 
Promoter 
PET Glycol 
Ratio 
Type of Glycol 
Dibasic Acid 
Initiator 
Promoter 
1:1 
Diethylene Glycol 
Maliec Anhydride & 
Anhydride 
Methyl ethyl ketone 
(MEKP) 
Cobalt Naphthanate 
2:1 
Diethylene Glycol 
Maliec Anhydride & 
Anhydride 
Methyl ethyl ketone 
(MEKP) 
Cobalt Naphthanate 
1:1 
Diethylene Glycol 
Vlaliec Anhydride & 
Anhydride 
Benzoil per oxide BPO 
N,N, diethyl aniline 
2:1 
Diethylene Glycol 
Maliec Anhydride & 
Anhydride 
Benzoil per oxide BPO 
N,N, diethyl aniline 
Phthalic 
peroxide 
Phthalic 
peroxide 
Phthalic 
Phthalic 
Table 5.4 The amount of materials used for preparing beams 
Material 
Resin 
Coarse Sand 
Coarse Aggregate 
Quantity (gm) 
160 
650 
950 
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Figure 5.2 Reinforced and Un-reinforced cement concrete flexural 
test specimens 
50 mm 
50 mm 
D 
w//////////////////////////^^^^^^ 
- • * 
100 mm 
Shear Span 
100 mm 
Flexure Span 
T 100 mm 
Shear Span 
Figure 5.3 Schematic diagram for test set up of polymer concrete beam 
The un-reinforced and reinforced cement-concrete beams were also prepared. The 
ratio of cement concrete beams was taken as 1:2:4. The prepared test specimens are 
shown in Figs. 5.1 and 5.2 respectively. The schematic diagram of the set up for 
tlexural testing of beams is shown in Fig. 5.3. The tests were carried out as per the 
specifications of IS: 516 - 1959 in Institute Instrumentation Centre (IIC) at Indian 
Institute of Technology (IIT) Roorkee, Roorkee using 10 ton INSTRON universal 
testing machine (Fig. 5.5). The beams were tested under four point loading and the 
deflection was applied to the specimens at a uniform rate of 0.5 mm per minute and 
the corresponding forces were recorded, to get the load-deflection curves, the mode of 
failure, maximum applied load and the location of fracture. Some of the beams under 
test are shown in Figs. 5.6 and 5.7. 
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The reinforcement used in reinforced polymer concrete as well as cement concrete 
was HYSD plain steel bars of 4 mm diameter. Two bars each were provided at top 
and bottom at a clear cover of 3 mm. The shear stirrups were in the form of hoops at a 
spacing of 30 mm c/c. The diameter of stirrups was 2 mm. The cross-section of 
reinforced PC and cement concrete beams is shown in Fig. 5.4. 
2 #, 4 (|) HYSD 
bars 
Shear stirrups 
Figure 5.4 Cross-section of reinforced polymer concrete and 
cement concrete beam 
The failure stresses for un-reinforced PC beams were calculated on the basis of simple 
bending theory using gross section. The flexural strength of PC /^ was calculated 
using the formula: 
/ . = (5.1) 
where, 
/ = Effective span 
p = Applied load 
b - Width of the section 
d - Depth of the section 
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Figure 5.5 10 ton Instron universal testing machine and the data acquisition 
system 
The failure load, ultimate deflection after applying zero correction, flexural strength, 
and maximum bending moment of un-reinforced polymer concrete beams are given in 
Table 5.5 to Table 5.8. Whereas the failure load, ultimate deflection after applying 
zero correction, and maximum bending moment of reinforced polymer concrete 
beams are given in Tables 5.10 to 5.13. The bending test results for cement concrete 
and reinforced cement concrete beams are given in Tables 5.9 and 5.14. The flexural 
strength of four sets of polymer concrete and cement concrete is plotted in the form of 
bar chart in Fig. 5.15 along with the compressive strength. The load deflection curves 
for the flexural test specimens of CC and four sets of PC are plotted in Figs. 5.17 to 
5.19. The ultimate load under flexure testing of un-reinforced and reinforced beams 
for four sets of polymer concrete and cement concrete is plotted in the form of bar 
chart in Fig. 5.16. It may be noted here that the load taken for plotting and given in 
various tables is total load applied on the beam, half of which is acting at each of the 
four points. 
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Figure 5.6 Flexural un-reinforced specimens under test 
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Figure 5.7 Flexural reinforced specimens under test 
5.3.1 Flexural Strength of PC 
The observations made from the resuhs given in Table 5.15 are given and discussed in 
the following: 
i) The flexural strength of un-reinforced PC produced with MEKP as initiator 
(sets 5 and 6) is more than the flexural strength of un-reinforced PC produced 
with BPO as initiator (sets 1 and 2). This is consistent with the compressive 
strength results obtained for polymer concrete cubes, and may be due to the 
cross linking sites being provided by phthalic anhydride [Brydson (1999)] 
leading to higher strength due to intense cross linking of polymer chains Just 
like the structure of a fabric as shown in SEM photographs of hardened 
polymer resin shown in Figs. 4.37 and 4.38 
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ii) The flexural strength of un-reinforced PC having PET to glycol ratio of 1:1 is 
more than that of 2:1 for both the cases of MEKP and BPO. 
Hi) For the same PET to glycol ratio of 1:1, the flexural strength of the beam 
PCBI produced with MEKP as initiator was about 5.2% more than the 
flexural strength of the beam PCB3 produced with BPO as initiator. Whereas, 
for the same PET to glycol ratio of 2:1 flexural strength of beam PCB2 
produced with MEKP as initiator was 14.9% more than the flexural strength of 
beam PCB4 produced with BPO as initiator. 
iv) Amongst all the four sets, the flexural strength of the beam PCBI is highest at 
9.310 MPa, whereas, it is minimum for the beam PCB4. 
v) The flexural strength of un-reinforced PC beams varies from 21 to 35% of its 
compressive strength. On the other hand, the flexural strength of un-reinforced 
CC beams of the same grade varies from 10 to 14% of it compressive strength 
(Table 5.15 and Fig. 5.15). 
5.3.2 Load Deflection Behaviour of Un-reinforced PC beams 
The observations made from the Load-deflection curves of flexural testing are given 
and discussed in the following: 
1) The uhimate deflection of the un-reinforced PC beams produced with MEKP 
as initiator (sets 5 and 6) after applying zero correction is less than the ultimate 
deflection of the beams produced with BPO as initiator (sets 1 and 2). The 
results are in conformity with the crushing strain obtained for PC cubes in 
Chapter 4. 
ii) The ultimate deflection for PC beam produced with BPO as initiator with PET 
to glycol ratio of 2:1 is less than that of 1:1. Whereas it is vice versa in the 
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case of PC beams produced with MEKP as initiator. This result also 
corroborates the strain results obtained for PC cubes in Chapter 4. 
iii) All the load-deflection curves are linear in the beginning followed by parabolic 
curve with large curvature. There is sudden drop in load at failure. 
iv) The failure of ail the beams of different sets of PC occurred by flexural 
cracking in the middle third portion with almost a vertical crack. No cracks 
were observed outside the middle third portion of the beam. The failure 
occurred by the formation of only one crack, thus dividing the beam in two 
pieces, but the two pieces were stiii connected at failure. No local crushing of 
the material was observed at the four load points. 
5.3.3 Load Deflection Behaviour of Reinforced PC beams 
The observations made from the Load-deflection curves of flexural testing are given 
and discussed in the following: 
1) All the load-deflection curves are linear in the beginning, and then there is a 
small drop in the load followed by a parabolic curve. The ultimate deflection 
of reinforced PC beams is 313 to 486% higher than the ultimate deflection un-
reinforced PC beams. A comparison of load deflection curves of un-reinforced 
and reinforced PC beams indicate that the provision reinforcement has 
introduced considerable ductility. The only exception to it is beam PCB2, 
which shows that the reinforcement does not increase the ultimate flexural 
load, but deflection gets considerably increased. It may be due to the bond slip 
between the reinforcing bar and PC. 
ii) The Load carried by reinforced PC beams (except PCB2) is 53 to 150% higher 
than the load carried by un-reinforced PC beams. (Fig. 5.16). Whereas, the 
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Load carried by reinforced CC beam is 238% higher than the load carried by 
un-reinforced CC beam. 
iii) The load carried by reinforced PC beams (except PCB2) is 116 to 241% 
higher than the load carried by reinforced CC beam, which may be due to 
higher compressive strength of PC as compared to CC taken in the study (Fig 
5.16). 
iv) The failure of reinforced PC beams is through the development of distributed 
cracks in the middle third portion of the beam. The final failure of the beam is 
by widening of one of these cracks. 
5.4 PULL OUT TEST 
For reinforced concrete to function as a composite material, it is necessary that both 
steel and concrete deforni and carry the forces together. The steel can receive the load 
only when the load is transferred to it from the surrounding concrete. This transfer of 
load is possible only when there is no relative movement between the two materials 
when any one of them is strained. The force that prevents this relative movement 
between steel and concrete is termed, as bond and the reinforcement will not be able 
to carry any tensile or compressive force in the absence of this bond. 
I 
r ' 
Figure 5.8 Test Specimen for a pull out test 
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The pull out test was, therefore, performed on the four sets of PC to determine the 
bond strength of polymer concrete. The 150 mm cube with centrally placed deformed 
steel bar of 12 mm diameter as shown in Fig. 5.8 was used for this purpose. The 
moulds as shown in the Fig. 5.9 were prepared for casting the pull out specimens. It 
consists of specially prepared top cover to hold the steel bar at the center and the 
bottom plate of 25 mm thickness with a central hole in order to ensure that the steel 
bar is projected below the cube. The pull out test was carried out as per the 
specifications of IS code 2770-1967. The tests were conducted in the concrete 
laboratory of the Department of Civil Engineering at Indian Institute of Technology 
Roorkee, Roorkee on a 10 ton universal testing machine, as shown in Fig. 5.10. One 
of the specimens under test is shown in Fig. 5.11 and the schematic diagram of the 
test set up is shown in Fig 5.12. The bond strength /^ was calculated using the 
relation: 
mp h 
where, 
P = Pull applied on the steel bar 
(j) = Diameter of the steel bar 
h = Embedded length of steel bar = Size of the cube 
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Mould with steel 
bar in the centre 
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j top cover 
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Figure 5.9 Special moulds for pull out test specimens 
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Figure 5.10 10-ton universal testing machine 
Figure 5.11 Pull out specimens under test 
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Figure 5.12 Schematic diagram for pull out test set up 
5.4.1 Bond Strength 
The observed failure load and the calculated values of bond strength for different 
combinations are given in Table 5.16. The load slip curves are given in Figs. 5.19. 
i) From Table 5.16 it is observed that the polymer concrete produced by 
using MEKP as initiator and having PET glycol to ratio of 1:1 (set 5) has 
the highest bond strength as compared to other combinations. For this set 
of PC, the steel bar got fractured without bond slip failure, which indicates 
that the actual bond strength is much higher. 
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ii) The bond strength of PC produced with MEKP as initiator is higher than 
the bond strength of PC produced with BPO as initiator. This is valid for 
both the PET to glycol ratios considered in the study. 
iii) The bond strength of PC with PET to glycol ratio of 1:1 is greater than that 
of 2:1 in the case of MEKP as initiator (set 5 and 6)and it is vice versa in 
the case of BPO as initiator (set 1 and 2). 
5.4.2 Load Slip Curves 
In the case of polymer concrete made of BPO as initiator, it is observed from the load 
slip curves (Fig 5.19) that the PC with PET to glycol ratio of 1:1 has higher slips as 
compared to the slip observed in the PC with PET glycol ratio of 2:1 at the same pull, 
and consequently has a lesser bond strength. But on the contrary the PC made with 
MEKP as initiator and having PET glycol ratio of 1:1 has a smaller slip than the slip 
observed in PC with PET glycol ratio of 2:1 at the same pull and therefore has a 
higher bond strength. The load slip pattern for all the four sets of PC is almost linear. 
5.4.3 Bond Strength v/s Compressive Strength 
The comparison of bond strength with the compressive strength of polymer concrete 
is given in Table 5.16. It is observed from the table that the bond strength of PC 
produced with MEKP as initiator is 25.5 and 28.5% of the compressive strength for 
the two PET to glycol ratios of 1:1 and 2:1 respectively, which is much higher than 
the bond strength of PC produced with BPO, wherein the corresponding values are 
2.16 and 9.93%. 
When the PET to glycol ratio is increased from 1:1 to 2:1, the bond strength decreases 
marginally in the case of PC produced with MEKP as initiator. Whereas, in the case 
of PC produced with BPO as initiator, the increase in PET to glycol ratio from 1:1 to 
2:1, results in considerable increase in the bond strength (360%). 
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5.4.4 Comparison of Bond Strength of PC and Bond Strength of Cement 
Concrete 
The comparison of bond strength of polymer concrete with the bond strength of 
cement concrete of equivalent grade is given in Table 5.16. The bond strength of CC 
has been worked out from IS 456 - 2000 by taking a partial safety factor for the 
material as 1.5 and load factor as 1.5 as given in Table 5.17. It is observed from 
Tables 5.16 and 5.17 that in the case of MEKP as initiator, the bond strength of 
polymer concrete was much higher than the bond strength of plain cement concrete of 
equivalent grade. But the bond strength of PC, having BPO as initiator was less than 
the bond strength of plain cement concrete. 
5.5 SHEAR STRENGTH OF PLAIN POLYMER CONCRETE 
The knowledge about the behaviour of reinforced concrete members in pure shear is 
limited inspite of extensive research, essentially because the study of shear in 
isolation is practically impossible. But whatever knowledge that has been made 
available by research in the past has been incorporated in the recent design codes of 
practice [IS 456 - 2000] in the form design shear strength and maximum shear stress 
with respect to the grades of concrete. The shear failure, which in reality occurs under 
the combined action of shearing forces and bending moments, is characterized by 
very small deflection and lack of ductility. This failure many a times is sudden and 
without any warning. For this reason, the shear failure is considered to be very 
undesirable and is usually avoided. The code provisions for shear are therefore for this 
reason more conservative as compared to bending. 
For determining the shear strength of un-reinforced polymer concrete, the beams of 
50 X 50 X 305 mm size were prepared. The test was conducted at four different shear 
span to depth ratios (a/d ratios) as given in Table 5.18. The rest of the composition of 
the raw material for preparing the specimens was the same as used for flexure test 
specimens. The prepared test specimens for shear are shown in Fig. 5.13. 
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Table 5.18 Nomenclature of shear beams at different span to depth ratios 
Set No. 
5 
6 
1 
2 
Beam ID 
SB 1-1 
SB 1-2 
PCBl* 
SB 1-3 
SB 2-1 
SB 2-2 
PCB2* 
SB 2-3 
SB 3-1 
SB 3-2 
PCB3* 
SB 3-3 
SB 4-1 
SB 4-2 
PCB4* 
SB 4-3 
Span to depth 
ratio (a/d) 
1.0 
1.5 
2.0 
2.5 
1.0 
1.5 
2.0 
2.5 
1.0 
1.5 
2.0 
2.5 
1.0 
1.5 
2.0 
2.5 
PETiGlycol 
Ratio 
1:1 
2:1 
1:1 
2:1 
Initiator/ 
Promoter 
MEKP 
MEKP 
BPO 
BPO 
Taken for flexure test 
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a) PC Set 5 b) PC Set 6 
a) All specimens put together 
Figure 5.13 Un-reinforced polymer concrete shear test specimens 
The tests were carried out at Institute Instrumentation Centre (IIC) at Indian Institute 
of Technology (IIT). Roorkee on a 10 ton INSTRON universal testing machine as 
shown in Fig. 5.4. The beams were tested under four point loading and the deflection 
was applied to the specimens at a uniform rate of 0.5 mm per minute and the 
corresponding forces were recorded, to get the load-deflection curves, maximum 
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V 
applied load and the location of the break. Some of the beams under test are shown in 
Fig. 5.14. 
Figure 5.14 Un-reinforced PC shear specimens under test 
The shear strength results with failure load and deflection at failure are given in 
Tables 5.19 to 5.22. The variation of shear strength with a/d ratio is plotted in Fig. 
5.19. It may be noted here that the load taken for plotting and given in various tables 
is total load applied on the beam, half of which is acting at each of the four points. 
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5.5.1 Discussion of Results 
The failure patterns of the beams are shown in Figs. 5.21 to 5.23 for a/d ratios of 1. 
1.5 and 2.5. The failure pattern of the beam for a/d ratio of 2 is already shown earlier 
in the chapter (Fig. 5.6) 
It is observed from Fig. 5.19 that the shear strength is decreasing with increase in the 
a/d ratio for the PC of sets 5 and 1 having PET to glycol ratio of 1:1. Whereas, for 
PET to glycol ratio of 2:1 for both the cases of EiPO and MEKP (set 6 and 2), it is 
found that the shear strength decreases upto a/d ratio of 2 and thereafter it increases 
slightly. 
During testing it was observed that the beams at a/d ratio of 1, the beams failed 
without giving any prior warning i.e. the failure was sudden and brittle and the beams 
split into two portions as shown in Fig. 5.21. As the a/d ratio increases the beams 
starts showing the ductile behaviour, i.e. at a/d ratio of 1.5, 2, and 2.5, the beams does 
not fail suddenly. For a/d ratio of less than or equal to and 1.5, the beams does not 
seem to show any deflection at failure (Figs. 5.24 and 5.25). But for higher values of 
a/d ratio, there is significant deflection at failure because of predominant flexural 
behaviour, as shown in Fig. 5.26. 
For a/d ratio of 1 (Fig 5.21), beams generally failed by the formation of cracks near 
the mid span, except one or two beams in each set, where the splitting has occurred 
under the load. It is seen from Fig. 5.22 that, most of the beams with a/d ratio of 1.5 
have failed near the load, except the beams made of MEKP with PET to glycol ratio 
of 1:1, which failed by the formation of crack near mid span. The same failure trend 
was observed in the case of all the sets at a/d ratio of 2 and 2.5. 
It is observed from Fig. 5.21 that the shear strenigth seems to become asymptotic for 
lower values of a/d ratios. Therefore the shear strength of PC of all the four sets may 
be taken as that corresponding to the a/d ratio of 1. Thus it is observed from Table 
5.23 that the shear strength of PC varies from 1.53 for set 5 to 1.78 for set 6. 
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The shear strength of CC of equivalent grade taken from IS 456 - 2000 is given in 
Table 5.23. A comparison of the two values shows that the shear strength of PC is 
almost 4 times that of CC. 
5.6 CONCLUDING REMARKS 
On the basis of the results jpresented in this chapter pertaining to the structural 
behaviour of polymer concrete of four different sets short listed in the previous 
chapter, it is observed that some of the sets are good in flexural response and some 
other are good in shear and bond behaviour. The best would one, whose behaviour is 
good for all of these parameters. The PC produced with MEKP as initiator with PET 
to glycol ratio of 1:1 (i.e. set 5) and BPO as initiator with PET to glycol ratio of 2:1 
(i.e. set 2) are thus the best among all. 
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Table 5.5 Flexure test results of beam PCBl 
Test specimen 
PCBl 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(kN) 
4.331 
3.830 
3.474 
3.88 
Ultimate 
deflection 
(mm) 
1.2 
1.7 
1.2 
1.4 
Flexural 
tensile 
strength 
(MPa) 
10.4 
9.192 
8.337 
9.31 
Bending 
moment 
(kN-m) 
0.217 
0.192 
0.174 
0.194 
Table 5.6 Flexure test results of beam PCB2 
Test specimen 
PCB2 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(klV) 
3.611 
2.832 
2.866 
3.103 
Ultimate 
deflection 
(mm) 
1.4 
1.3 
1.4 
1.4 
Flexural 
tensile 
strength 
(MPa) 
8.666 
6.796 
6.878 
7.447 
Ultimate 
bending 
moment 
(kN-m) 
0.181 
0.142 
0.143 
0.155 
Table 5.7 Flexure test results of beam PCB3 
Test specimen 
PCB3 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(kN) 
3.445 
3.630 
3.954 
3.676 
Ultimate 
deflection 
(mm) 
1.4 
1.6 
1.5 
1.5 
Flexural 
tensile 
strength 
(MPa) 
8.30 
8.7 
9.5 
8.83 
Bending 
moment 
(kN-m) 
0.172 
0.182 
0.198 
0.184 
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Table 5.8 Flexure test results of beam PCB4 
Test specimen 
PCB4 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(kN) 
2.414 
3.321 
2.183 
Ultimate 
deflection 
(mm) 
1.3 
1.1 
1.3 
2.64 1 1.2 
Flexural 
tensile 
strength 
(MPa) 
5.80 
7.97 
5.24 
6.34 
Bending 
moment 
(kN-m) 
0.121 
0.166 
0.11 
0.132 
Table 5.9 Flexure test results of beam CCB 
Test specimen 
RPCB2 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(k:N) 
0.946 
0.589 
-
0.768 
Ultimate 
deflection 
(mm) 
1.2 
Flexural 
tensile 
strength 
(MPa) 
2.27 
1.0 1.41 
-
LI 
-
L84 
Bending 
moment 
(kN-m) 
0.05 
0.03 
0.04 
Table 5.10 Flexure test results of beam RPCBl 
Test specimen 
RPCBl 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(kN) 
9.642 
9.722 
7.280 
8.881 
Ultimate 
deflection 
(mm) 
6.4 
7.0 
6.4 
6.5 
Bending 
moment 
(kN-m) 
0.482 
0.486 
0.364 
0.444 
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Table 5.11 Flexure test results of beam RPCB2 
Test specimen 
RPCB2 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(kN) 
3.387 
2.519 
3.556 
3.154 
Ultimate 
deflection 
(mm) 
6.2 
8.8 
10 
8.2 
Bending moment 
(kN-m) 
0.169 
0.126 
0.178 
0.158 
Table 5.12 Flexure test results of beam RPCB3 
Test specimen 
RPCB2 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(kN) 
6.517 
4.473 
5.894 
5.628 
Ultimate 
deflection 
(mm) 
8.8 
4.8 
5.0 
6.2 
Bending moment 
(kN-m) 
0.326 
0.224 
0.295 
0.282 
Table 5.13 Flexure test results of beam RPCB4 
Test specimen 
RPCB2 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(kN) 
6.97 
6.95 
5.892 
6.604 
Ultimate 
deflection 
(mm) 
6.6 
7.4 
4.7 
6.2 
Bending moment 
(kN-m) 
0.349 
0.348 
0.295 
0.331 
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Table 5.14 Flexure test results of beam RCCB 
Test specimen 
RPCB2 
(50x50x300mm) 
Specimen 1 
Specimen 2 
Specimen 3 
Average 
Failure 
Load 
(kN) 
2.502 
2.651 
2.65 
2.601 
Ultimate 
deflection 
(mm) 
12.2 
6.0 
4.7 
7.5 
Bending moment 
(kN-m) 
0.1251 
0.1325 
0.1325 
0.1300 
Table 5.15 Flexural streiagth and ultimate deflection of PC beams tested in 
flexure 
Designation 
CCB 
PCBl 
PCB2 
PCB3 
PCB4 
RPCBl 
RPCB2 
RPCB3 
RPCB4 
Compressive 
strength of 
PC,/. 
(MPa) 
20 
42.22 
35.56 
25.00 
30.00 
-
-
-
-
Flexural 
strength 
(MPa) 
1.840 
9.310 
7.447 
8.830 
6.340 
21.315 
7.570 
13.510 
15.850 
Flexural 
strength of CC 
of same grade 
(MPa) 
1.20 
4.5 
4.14 
3.5 
3.8 
-
-
-
-
Ultimate 
deflection 
(mm) 
1.1 
1.4 
1.4 
1.5 
1.2 
6.5 
8.2 
6.2 
6.2 
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Table 5.16 Bond strength of deformed steel bar in tension with polymer 
concrete 
Set 
No. 
5 
6 
1 
2 
* 
Type of 
polymer 
concrete 
MEKP, 1:1 
MEKP,2:1 
BPO, 1:1 
BP0,2:1 
Steel bar fai 
Failure 
Load 
(kN) 
68. r 
50.4 
3.0 
16.9 
Is with nee 
Bond strength 
of polymer 
concrete,/* 
(MPa) 
12.04 
9.07 
0.54 
2.98 
c formation 
Bond strength of 
cement concrete of 
equivalent grade 
(MPa) 
4.56 
4.08 
3.36 
3.6 
^xlOO 
fc 
(%) 
28.52 
25.50 
2.16 
9.93 
** fc= Compressive strength of PC 
Table 5.17 Bond strength for plain bars in tension for cement concrete 
Grade of concrete 
Design bond strength in MPa 
At working load (as per IS 456) 
At ultimate load (1.5 times the 
working loads) 
M15 
0.6 
1.0 
M20 
0.8 
1.2 
M25 
0.9 
1.4 
M30 
1.0 
1.5 
M35 
1.1 
1.7 
M40 
1.2 
1.9 
Note: For deformed bars these values shall be increased by 40% at working 
loads and by 60% iat ultimate loads 
Table 5.19 Shear strength results for MEKP, 1:1 
Test specimen 
(50x50x300mm) 
SB 1-1 
SB 1-2 
PCBl 
SB 1-3 
Span to 
depth ratio 
(a/d) 
1 
1.5 
2 
2.5 
Failure 
Load 
(klV) 
7.633 
6.71 
3.88 
3.00 
Ultimate 
deflection 
(mm) 
4.60 
2.20 
2.30 
1.40 
Shear 
strength 
(MPa) 
1.53 
1.34 
0.78 
0.60 
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Table 5.20 Shear strength results for MEKP, 2:1 
Test specimen 
(50x50x300mm) 
SB 2-1 
SB 2-2 
PCB2 
SB 2-3 
Span to 
depth ratio 
(a/d) 
1 
1.5 
2 
2.5 
Failure 
Load 
(kN) 
8.92 
7.13 
3.103 
3.67 
Ultimate 
deflection 
(mm) 
3.80 
2.60 
1.90 
1.30 
Shear 
strength 
(MPa) 
1.78 
1.43 
0.621 
0.734 
Table 5.21 Shear strength results for BPO, 1:1 
Test specimen 
(50x50x300mm) 
SB 3-1 
SB 3-2 
PCB3 
SB 3-3 
Span to 
depth ratio 
(a/d) 
1.0 
1.5 
2.0 
2.5 
Failure 
Load 
(kN) 
8.310 
3.740 
3.676 
2.914 
Ultimate 
deflection 
(mm) 
4.13 
1.73 
2.40 
1.26 
Shear 
strength 
(MPa) 
1.662 
0.750 
0.740 
0.580 
Table 5.22 Shear strength results for BPO, 2:1 
Test specimen 
(50x50x300mm) 
SB 4-1 
SB 4-2 
PCB4 
SB 4-3 
Span to 
depth ratio 
(a/d) 
1 
1.5 
2 
2.5 
Failure 
Load 
(kV) 
8.29 
5.5 
2.64 
3.115 
Ultimate 
deflection 
(mm) 
2.80 
1.53 
1.97 
1.00 
Shear 
strength 
(MPa) 
1.658 
1.100 
0.528 
0.623 
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Table 5.23 Shear strength for different a/d ratios 
Beam ID 
SB 1-1 
SB 2-1 
SB3-1 
SB 4 - 1 
SB 1-2 
SB 2 - 2 
SB 3 - 2 
S B 4 - 2 
PCBl 
PCB2 
PCB3 
PCB4 
SB 1-3 
SB 2 - 3 
SB 3 - 3 
SB 4 - 3 
Initiator/Promoter 
MEKP 
MEKP 
BPO 
BPO 
MEKP 
MEKP 
BPO 
BPO 
MEKP 
MEKP 
BPO 
BPO 
MEKP 
MEKP 
BPO 
BPO 
PET to 
Glycol 
Ratio 
1:1 
2:1 
1:1 
2:1 
1:1 
2:1 
1:1 
2:1 
1:1 
2:1 
1:1 
2:1 
1:1 
2:1 
1:1 
2:1 
Shear 
Strength 
(MPa) 
1.530 
1.780 
1.662 
1.658 
1.340 
0.750 
0.750 
1.100 
0.780 
0.621 
0.740 
0.528 
0.600 
0.734 
0.580 
0.623 
Shear 
strength of 
CCof 
equivalent 
grade 
(MPa) 
0.45 
0.44 
0.44 
0.44 
-
-
-
-
-
-
-
-
-
-
-
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B Flexural Strength 
• Direct Compressive Strength 
Figure 5.15 Flexural strength and compressive strength of CC and PC 
beams 
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Figure 5.16 Ultimate load in flexure testing of reinforced and un-reinforced 
CC and PC beams 
180 
4.0 -, 
0.0 1.0 2.0 3.0 4.0 
Deflection (mm) 
• Specimen 1 
- Specimen 2 
- Specimen 3 
-1 1 1 1 1 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Deflection( mm) 
a) PCBl b) PCB2 
1 2 3 
Deflection mm 
-1 1 r 
0 0.5 1 1.5 2 2.5 3 
Deflection mm 
c) PCB3 d) PCB4 
Figure 5.17 Load deflection curves for un-reinforced polymer concrete beams 
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Figure 5.18 Load deflection curves for reinforced polymer concrete beams 
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Figure 5.19 Load deflection curves for reinforced and un-reinforced cement 
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Figure 5.20 Load slip curves for various combinations 
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concrete beam under shear for a/d = 1 
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Figure 5.23 Schematic diagram for test set up of polymer concrete beam under 
shear for a/d = 1.5 
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Figure 5.24 Schematic diagram for test set up of polymer concrete beam under 
shear for a/d = 2.5 
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Figure 5.25 Load-deflection curves of polymer concrete beams under shear for a/d = 1 
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Figure 5.26 Load-deflection curves of polymer concrete beams under shear for a/d = 1.5 
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Figure 5.27 Load-deflection curves of polymer concrete beams under shear for a/d = 2.5 
190 
Chapter 6 
Design Methodology for Polymer Concrete 
Beams and Plates 
6.1. INTRODUCTION 
Beams are defined as structural members having a length which is large as compared 
with the corresponding cross-sectional dimensions. It is observed in this circumstance 
that the lateral or transverse shear stresses are small compared with the axial, or 
longitudinal, stresses. 
For a new material to be adopted in practice, its behaviour under different states of 
stresses need to be investigated, based on which a design methodology to be adopted 
in practice is to be developed. The behaviour of polymer concrete produced in this 
study has been investigated in the previous chapters for some of the parameters such 
as compressive strength, split cylinder strength, flexural strength, shear strength, 
modulus of elasticity, stress-strain behaviour, bond strength between PC and steel, 
whereas some other parameters such as post cracking behaviour is discussed in this 
chapter. Based on these experimental investigations, a methodology for the design of 
plain and reinforced PC sections for flexure has been developed in this chapter. A 
stepwise procedure has been developed for the design of plain, singly reinforced and 
doubly reinforced PC beams based on the limit state approach of design. The design 
methodology has been validated with the experiments carried out on plain and 
reinforced PC beams. The experimental results of plain and reinforced PC beams are 
given in Chapter 5. Some experiments on tri-axial testing of material are given in the 
next chapter which have been used for the development of failure surface for the 
material. 
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6.2 BEHAVIOUR OF MATERIAL 
The flexural analysis of Polymer Concrete (PC) produced from recycled plastic waste 
requires the response of material under compression and tension. The direct 
compression testing of cubes presented in Chapter 4 was to assess the relative strength 
of the eight sets of PC. The stress-strain curves obtained therein were without strain 
softening portion of the curve. The post cracking behaviour of the material has been 
assessed only for the four short listed sets of PC as given in Chapter 5 (i.e. set 1 to 4) 
by conducting strain controlled testing of 10 mm PC cubes, the details of which are 
given in subsequent sub-section. The stress-strain curves thus obtained include the 
strain softening portion. These curves have been used for compression modeling of 
the material. Whereas, the behaviour of material under flexural tension has been 
studied through four point testing of plain PC beams presented earlier in Chapter 5. 
These test results have been employed in the flexural analysis presented in subsequent 
subsections. The test results of four point testing of reinforced PC beams, presented 
earlier in Chapter 5, have been used for the validation of the analysis and design 
methodology presented in this chapter. 
6.2.1 Post Cracking Behaviour in Compression 
The PC cubes of 100 mm size were prepared in the Polymer Concrete Lab, 
Department of Civil Engineering, AMU, Aligarh, for studying the post cracking 
behaviour of PC in compression. This test was performed on the four sets of PC, 
identified in Chaper 5. The tests were carried out on INSTRON close loop 
compression testing machine of 250 ton capacity in the Department of Civil 
Engineering, IIT Roorkee as shown in Fig. 6.1. The tests were performed under strain 
controlled conditions. The compression testing of cubes for the determination of 
compressive strength was continued beyond the ultimate crushing strength for 
studying the post cracking behaviour of polymer concrete. The strain was increased at 
a constant rate of 1 mm/min in the strain controlled machine. One of the test 
specimens under test is shown in Fig. 6.2. The strain and the corresponding load was 
recorded upto the stage when the rate of decay in load became quite low. The data 
recorded being voluminous, it has only been plotted in the form of stress-strain curves 
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in Figs. 6.3 and 6.4. The stress plotted in these figures is the engineering stress i.e. the 
stress calculated on the basis of the initial cross-sectional area. The crack patterns 
observed during test with the increase in strain is shown in Figs. 6.5. At the end of the 
test, the specimens got pulverized and thus could not be taken out in intact form. 
6.2.2 Modeling of PC in Compression 
The stress-strain curve of PC under compression was observed to be linear in the 
beginning and then becomes curved followed by decay as shown in Figs. 6.3 and 6.4 
for the four types of PC. The stress-strain curve of these materials may be idealized as 
bi-linear followed by a strain softening curve as shown in Figs. 6.6 and 6.7 for the 
four sets. The idealized curve is good approximation of the actual stress-strain curve. 
The bi-linear portion of stress-strain curve represents elastic and fully plastic state 
which will be used in the design of sections for flexure. The strain softening portion 
of the curve represents instability which may be used in the failure analysis of 
different structural members. The equations representing the stress strain curve of 
different sets are indicated on the plots as shown in Figs. 6.6 and 6.7 and the same are 
also given Table 6.1. 
The ultimate compressive strength and corresponding strain are taken as a^^ and £-^„ 
respectively. The design curve to be used in proposed flexural analysis is obtained by 
converting cube strength to cylinder strength and subsequently it is further reduced by 
taking partial safety factor for the material as 1.5. The idealized and the design curves 
thus obtained are shown in Fig.6.8. The characteristics of the design curves are listed 
in Table 6.1.It is observed that the ultimate crushing strain of polymer concrete in 
compression varies from 0.023 to 0.0430 of PC for the four sets considered in this 
study and these values are larger than that of cement concrete, for which it is 0.0035 
irrespective of the grade of concrete. The beginning of the flat portion of stress-strain 
curve of cement concrete in compression is 0.002 and its corresponding value for the 
four sets of PC vary from 0.0145 to 0.0272. Thus the rectangular portion of the stress 
block in compression for the four sets of PC is smaller as compared to the cement 
concrete. 
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Though the response of material under compression is linear till failure, but the 
ultimate crushing strain is quit large thus avoiding brittle compression failure. 
a,=E,e (6.1) 
The design curve for compression is thus represented mathematically: 
Elastic state: a^ - E^s for e^ < e (6.2) 
Plastic state: a^ = 0.446(7 „^ for s^y <s^ < s^.^, (6.3) 
The mathematical model of strain softening portion of MEKP, 1:1 and MEKP, 2:1 are 
exponential of the form (Fig 6.6): 
a = As'^ (6.4) 
Where, crand s {£> s^^^) are the compressive stress and strain respectively; and A 
and B are the model parameters of the strain softening portion of the curve. The 
model parameters of the curve for the two materials are given in Table 6.1. 
Whereas, the mathematical model of strain softening portion of BPO, 1:1 and BPO, 
2:1 are parabolic of the form (Fig. 6.7): 
cj = As^+Bs + C (6.5) 
Where, A, B and C are the model parameter of the strain softening portion of the 
curve. The model parameters of the curve for the two materials are given in Table 6.1. 
ft is obvious that the above equation will be valid forf > f^ ,,. The strain softening 
models presented above are very useful for the failure analysis of polymer concrete 
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made of these materials. The rate of decay in compressive strength can be assessed 
from the curvature of the models: 
J V _JAB{B-\)S'^~^ For PC made of MEKP as initiator 
2 i (6.6) 
ds [2 A For PC made of BPO as initiator 
The above values of curvature along with their numerical values for the four sets of 
PC are given in Table 6.2 It is observed from the above equation and Figs. 6.6 and 6.7 
that the rate of decay in compressive strength of PC made with MEKP as initiator is 
faster as compared to the rate of decay in compressive strength of PC made with BPO 
as initiator. A comparison of strain softening model of PC made of MEKP as initiator 
for both the PET glycol ratios of 1:1 and 2:1 with those of cement concrete indicate 
that rate of decay in strength of polymer concrete is slow as compared to cement 
concrete. 
6.2.3 Modeling of PC in Flexural Tension 
The load deflection curves for four point testing of beams in flexure have already 
been plotted and discussed in Chapter 5. For the conversion of load deflection curves 
to stress strain curves, stress and strain are to be evaluated. The flexural strain in 
compression or tension may be estimated from the deformed shape of the beam (Fig. 
6.9) with the help of the following equation: 
S = :r (6.7) 
2Z 2 
Where, 
D = Depth of beam 
A = Deflection under the load 
L = Span of the beam 
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The flexural stress, which is assumed to be same in compression and tension has been 
estimated from the relation: 
a=^ (6.8) 
Z 
Where, 
M = Bending moment 
Z = Section modulus = 
6 
The stress and strain thus obtained has been plotted in Figs 6.10 and 6.11 for the f8ur 
types of PC. These stress-strain curves are found to be linear elastic in the beginning 
followed by almost parabolic variation till failure. It is observed from the test results 
that the ultimate tensile strain of PC for different sets varies from 0.0027 to 0.0032. 
fv 
The yielding of mild steel starts at 0.87—^ i.e. 0.001, whereas the yielding of HYSD 
f 
bars of Fe 415 grade steel starts at 0.87-^ + 0.002 i.e. 0.00381. The ultimate tensile 
Es 
strain of all sets of PC being more than the yield strain of HYSD steel bars of Fe 415 
grade steel, the PC will not fracture at the initiation of the yielding of steel. This is 
contrary to the ordinary cement concrete, whose ultimate tensile strain is much lower 
than the yield strain of steel. Thus the ordinary cement concrete gets cracked much 
before the initiation of the yielding of steel due to which the contribution of tensile 
strength of concrete is ignored in flexural analysis. It is due to this reason that the 
tensile strength of PC has been considered in subsequent flexural analysis. 
The ultimate tensile strength and corresponding strain are taken as (j,„ and £•„, 
respectively. The design curve to be used in proposed flexural analysis is obtained by 
taking partial safety factor for the material as 1.5. The idealized and the design curves 
thus obtained are shown in Fig.6.12. The characteristics of the design curves are listed 
in Table 6.3. It is observed that the ultimate crushing strain of polymer concrete in 
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flexural tension varies from 0.00318 to 0.00423 of PC for the four sets considered in 
this study and these values are larger than that of cement concrete, for which it is 
0.00250. The design curve may be represented mathematically: 
Elastic state: a, = £(£( for Sg < Sp, (6.9) 
Plastic state: CT, = 0.67cr,j^  for s^y < ,£•, < f,„ 
6.3 ANALYSIS FOR FLEXURE 
The design of structural members for flexure requires the determination of area of 
steel in tension and compression, if necessary for the known section. The flexural 
analysis presented in this section deals with the singly reinforced and doubly 
reinforced rectangular sections. The flexural analysis of any other shape of the section 
can be carried out in similar manner. The polymer concrete being ductile in nature as 
compared to cement concrete, plain sections of PC may also be enough for specific 
situations where loads are not heavy. It is due to this reason that flexural analysis of 
plain PC is also presented in this section. 
6.3.1 Assumptions 
1. Plane sections before bending remain plane after bending. The material is 
subjected to either compression or tension. 
2. The maximum compressive stress in PC is equal to ——cr^ „ or 0.446(T^„ . 
3. The maximum tensile stress in PC is equal to 0.67(T^,, 
4. The stress in reinforcement is derived from the representative stress-strain 
curve for the type of steel used as shown in Figs. 6.13 and 6.14. 
5. The maximum strain in tension reinforcement in the section at failure should 
not be less than the following: 
f 
e,,> 0 . 8 7 ^ + 0.002 (6.10) 
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Where, 
/^ = Yield stress in steel 
E^ = Modulusofelasticity of steel = 2x10^ MPo 
E^i = Limiting tensile strain in steel 
6.3.2 Plain Polymer Concrete 
Consider a rectangular PC section of width b and depth D, without reinforcement for 
the purpose of flexural analysis. The following three possible states of stresses may be 
encountered depending upon the magnitude of bending moment on the section. 
1) Case I: Elastic state in both compression and tension 
2) Case II: Elastic state in compression and elasto-plastic in tension 
3) Case III: Elasto-plastic state in compression and tension 
6.3.2.1 Case I: Elastic State in Both Compression and Tension 
The variation of strain and stress across the section is shown in Fig. 6.19. The depth 
of neutral axis, Y may be determined by considering the equilibrium offerees on the 
section. Equating compressive and tensile forces on the section: 
C = T (6.11) 
Where, 
C - Compressive force on the section 
= ~o-bY 
2 ' 
T = Tensile force on the section 
= ~arb[D~Y) 
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Figure 6.19 Stress and strain distribution across a rectangular 
section of un-reinforced PC beam for case 1 
Putting the values of C and T in Eqn. (6.11), gives the neutral axis depth ratio, n: 
,T / 
D 
(J, 
v ^ c + ^ , y 
or, (6.12) 
or. 
(!-«) = D-Y 
D 
(6.13) 
or, 
The moment of resistance M of the section is given by 
M = Cx-D = Tx-D 
3 3 
(6.14) 
Thus the expression for moment of resistance of the section becomes: 
M = KbD' (6.15) 
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Where, 
a^a, K=, ' ' ^ (6.16) 
3(o-,+CT,) 
The limits of applicability of the case are: 
a^ < 0.446cr^ „ and a, < 0.67(7,„ 
£^ < s^ and s, < s^ 
6.3.2.2 Case II: Elastic State in Compression and Elasto-Plastic in Tension 
The variation of strain and stress across the section is shown in Fig. 6.20. From the 
stress and strain variations, we get 
s 
s 
Y,=-^[D-Y) (6.17) 
't 
'^-''yJZf (6.18) 
a, = ^  X 0.446cr„ = — x - ^ x 0.446(j„, (6.19) 
Scy ^cy D-Y 
The depth of neutral axis, }' may be determined by considering the equilibrium of 
forces on the section. Equating compressive and tensile forces on the section: 
C = r, + T^ (6.20) 
Where, 
C = Compressive force on the section 
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2 ' 
(6.21) 
0.67 
Figure 6.20 Stress and strain distribution across a rectangular section 
of an un-reinforced polymer concrete beam for case 2 
T^ = Tensile force due to triangular portion of the tensile stress block 
= -x0.67a„,bY2 (6.22) 
7^2 = Tensile force due to rectangular portion of the tensile stress block 
= 0.67 a ^(D-Y-Y^) (6.23) 
Putting the values of C, 7j and T2 in Eqn. (6.21) yields: 
,-. ^J2z)-yj 
Y = (J,+2G^ 
(6.24) 
Putting the values of Y2 and u^ from Eqns. (6.17) and (6.19), the above equation 
converts to: 
An^ +Bn + C = 0 (6.25) 
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Where, 
Y 
n- — 
D 
and 
B = 2xaiy — -4aiy 
C = 2afy - Gfy 
The value of neutral axis depth ratio, n may be determined from the above quadratic 
equation. 
The moment of resistance of the section may be determined by taking moment of the 
forces about the line of action of the resultant compressive force, as below 
M = -xT^^ + Y2]+-^T2\>D + 1>Y^+Y\ (6.26) 
Where 7, and 7^2 are given by Eqns (6.22) and (6.23), respectively and values of Y 
and 2^ are given by Eqns (6.24) and (6.17) respectively. 
If the depth of neutral axis calculated by putting s, = e,„, is such that s^ < s^y, the 
limiting moment of resistance of the section may be calculated from Eqn. (6.26) by 
putting s, - £,„ in the calculation of Y2 from the Eqn. (6.17). 
202 
The limits of applicability of the case are: 
and 
a^ < 0.446(j. 
Sc ^  f^cv and s^, <s,< s,„ 
6.3.2.3 Case III: Elasto-Plastic State in Both Compression and Tension 
The variation of strain and stress across the section is shown in Fig. 6.21. The depth 
of neutral axis, Y may be determined by considering the equilibrium of forces on the 
section. Equating compressive and tensile forces on the section: 
0446 a 
Strain 
cu 
I 
i 
3 / 
, / '" 
c^y / 
Ti 
T 
'2 
/> 
0.67 a 
Stress 
tu 
T 
- C C 2 J L _ 
r . Y 
Figure 6.21 Stress and strain distribution across the rectangular section of an 
un-reinforced polymer concrete beam for case 3 
^cl + ^cl -T\+T2 (6.27) 
Where, 
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Q] = Compressive force due to the triangular portion of the compression 
stress block 
= -x0.446a„,bY^ (6.28) 
Q2 = Compressive force due to the rectangular portion of the compression 
stress block 
= 0.446a,„Z)(y-y|) (6.29) 
Jj = Tensile force due to triangular portion of the tensile stress block 
= -x0.67atubY2 (6.30) 
T2 - Tensile force due to rectangular portion of the tensile stress block 
= 0.67a,,b(D-Y-Y2) (6.31) 
From Fig 6.17 the value of Y2 in terms of strain and Y\, and stress and Y\ can be 
written as: 
Y2=—r, (6.32) 
The moment of resistance of the section may be determined by taking moment of the 
forces about the line of action of the tensile force T2, as below 
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M = C c\ Y,^Y2+\[D-Y-Y2) +Q2 
Y^^Y^+HD-Y-Y^) 
4^.,) (6.33) 
I „ 1 
^Y2^-[D-Y-Y2) 
Where, Q ] , Q2 "^"^  1^ "^"^  given by the Eqns. 6.28 to 6.30 and the values of 7, 7, 
and 2^ are given by the following equations 
-y-^^ 
S^+S, 
(6.34) 
and 
^ , = 
Z)f 
cy 
^ , + £ , 
(6.35) 
Y,=-
Ds, (6.36) 
If the depth of neutral axis calculated by putting s, - f,„, is such that e^y <e^< ^^„, 
the limiting moment of resistance of the section may be calculated from Eqn. (6.33) 
by putting s, = £,„ in the calculation of 7, 7, and Y2 from the Eqns. (6.34) to (6.36). 
The limits of applicability of the case are: 
^cv ^^c^ ^cu and e^<s,< s,^ 
6.3.3 Singly Reinforced Section 
A reinforced polymer concrete beam should be able to resist tensile, compressive and 
shear stresses induced in it due to the superimposed loads. Concrete made of ordinary 
Portland cement is weak in tension, and this tensile weakness of concrete is then 
compensated by providing reinforcing steel in the tension zone of the concrete 
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especially in the case of the members subjected to transverse loading. The ultimate 
tensile strain of polymer concrete was found to be greater than cement concrete, 
whereas, the tensile strength of polymer concrete is appreciable, thus it may be 
incorporated in the design procedure. The characteristics of the design curves for the 
four sets of reinforced polymer concrete beams in flexural tension are given in Table 
6.4. Therefore the following two cases may be considered in the design. 
i) Tensile strength of polymer concrete is ignored 
ii) Tensile strength of polymer concrete considered 
6.3.3.1 Tensile Strength of Polymer Concrete Ignored 
Depending upon the magnitude of bending moment, section dimension and area of 
steel, there may be the following two possible states of stresses. 
A) Elastic state in compression 
B) Elasto-plastic state in compression 
A) Elastic State in Compression 
Strain 
a3t=0.87/ , 
Stress 
Figure 6.22 Stress and strain distribution across the rectangular section of a 
singly reinforced polymer concrete beam for case A 
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Let the neutral axis lie at a distance Y below the extreme compression edge of the 
section and let the section develop the stresses a^ and cr„ simultaneously. The 
distance of steel from the neutral axis is d -Y. 
For known values of a^ and a^,, the position of neutral axis in the beam can be 
determined by considering equilibrium of forces: 
C = r (6.37) 
Where, 
C = Compressive force on the section: 
= ^c7,(bxY) (6.38) 
And 
T = Total tensile force on the section: 
= 4 , ^ . , (6.39) 
The moment of resistance of the section may be determined by taking moment of the 
forces about the line of action of the tensile force: 
2 " V 3 , 
or, 
M = Kbd^ (6.40) 
Where, 
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K = — (7 . — 
2 'd 
Tr f T, \ Y_ (6.41) 
cr. = 0.446CT. 
^c ^st d-Y 
f 
0 . 8 7 ^ + .002 
Y 
d-Y 
Also, 
M = 4,.cr^,. 'd-l' (6.42) 
Putting the values of C and Tfrom Eqns (6.38) and (6.39) in Eqn. (6.37) 
r 2pa, 
d <7,. 
Where, p is the steel ratio given by: 
A., 
P = bd 
(6.43) 
The limits of applicability of the case are: 
and 
0-. < 0.446cr. 
^c ^ ^cy 
B) Elasto-Plastic State in Compression 
The variation of strain and stress across the section is shown in Fig. 6.23. From the 
strain diagram, we obtain the depth of neutral axis: 
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d 0.87/, 
s,+ --^^+0.002 
(6.44) 
For the equilibrium of the force on the section, equating the total compressive force to 
the total tensile force on the section, thus: 
0.446 Or 
Figure 6.23 Stress and strain distribution of singly reinforced polymer 
concrete beam for case B 
Cc\+C,2=T (6.45) 
Where, 
Q] = Compressive force due to the triangular portion of the stress block 
= -x0.446a„,A.7, (6.46) 
Q2 = Compressive force due to the rectangular portion of the stress block 
= 0.446cT,,,Z>.(y-7,) (6.47) 
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T = Tensile force in tension steel 
= 0.87^^,, (6.48) 
and. 
7, = ^ . r (6.49) 
The value of s^. required in the above equation may be estimated from Eqn. (6.44). 
7, -cy 
(.-F) 
f 
0.87-^ + 0.002 
(6.50) 
Putting the values of Q j , Q2 and T from Eqns. (6.46), (6.47) and (6.48) in Eqn. 
(6.45) 
: 0.446o-,„ .b.Y\ + 0.446(7,„ .bl^ -Y)=^. ^If.A^, (6.51) 
The depth of neutral axis may be calculated from the above relation by putting value 
of r,. 
The moment of resistance of the section may be determined by taking moment of 
compressive forces about the resultant tensile force, thus giving: 
M„=C,i - 7 , + J - r + c, c2 <^4(?-o (6.52) 
The maximum depth of NA and limiting percentage of tension steel of the section 
may be estimated from above analysis by putting e^. = s^^i. 
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6.3.3.2 Tensile Strength of Polymer Concrete Considered 
The ultimate tensile strain of polymer concrete &,„ observed through experiments as 
given Table 6.3, varies from 0.00318 to 0.00423 which is greater than or equal to the 
yield strain of HYSD steel bars. Therefore the stress variation of polymer concrete in 
the tension zone would be elasto-plastic i.e. bi-linear. For some of the models of PC, 
the tensile strain in the cover portion of PC may exceed the ultimate tensile strain of 
PC depending upon the value of cover. For the sake of uniformity in the approach of 
analysis for different models of PC, the tensile strength of PC in the cover portion 
may be ignored. Depending upon the magnitude of bending moment, section 
dimension and area of steel, there may be the following two possible states of stresses. 
A) Elastic state in compression 
B) Elasto-plastic state in compression 
A) Elastic State in Compression 
The variation of strain and stress across the section is shown in Fig. 6.24. From the 
strain diagram, we obtain the depth of neutral axis: 
or. 
Y d 
Y (6.53) 
d-Y 
The magnitude of compressive stress in the top compression fibre a^ may be 
calculated from the following relation 
CT, = 0.446CT,„ ^ (6.54) 
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Ec 
Est QdlUfu 
Figure 6.24 Stress strain diagram of singly reinforced polymer concrete beam 
for case A 
For the equilibrium of the force on the section, equating the total compressive force to 
the total tensile force on the section, thus: 
C,=T,,^T^,+T^ (6.55) 
Where, 
C^  = Compressive force in polymer concrete 
^-(j..b.Y (6.56) 
r^ i = Tensile force due to triangular portion of the tensile stress block 
•x{).eia„pY2 (6.57) 
T^2 "^ Tensile force due to rectangular portion of the tensile stress block 
-0.67a,„6(c/-r-y2) (6.58) 
Tj = Tensile force in steel 
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-0.87./^, A 
The depth of neutral axis Y may be determined from Eqn (6.55) for the icnown 
section and area of steel by putting the value of Q , T ,^, 7^ 2 ^"^ '^c • 
Taking moment of all the tensile forces about Q (Fig. 6.20), the moment of 
resistance of the section is given by the following relation: 
Mu - T;, X 3' 
r + K + L cl d-^-Y--[d--Y-Y^ 
3 2^ ^' 
+ T, (6.59) 
The moment of resistance of the section can also be alternatively determined by 
taking the moment of forces about the tensile force in steel, thus giving: 
M„=T,,\d-Y-h, + T,,x^(d-Y-¥,)+€, ( \ - \ d--Y 
I 3 J 
(6.60) 
The above relation may be more conveniently written in the following form by 
neglecting the tensile strength of PC in the cover, thus replacing Dhy d 
M,. = Kbd^ (6.61) 
Where, the value of K in the above equation may be obtained by putting the value of 
Q , r^] and r^2fi'O'^  Eqns. (6.56), (6.57) and (6.58) 
'" d d 3 d' 
+ 0.67o-,„x-
d d J 
1 Y 
+ - 0 - . — 
2 'd 
(6.62) 
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B) Elasto-Plastic State in Compression 
The variation of flexural strain and the corresponding stress across the section is 
shown in Fig. 6.25. From the strain diagram, we get: 
c^ = ^s, j ^ (6-63) 
Where 
f 
^„ = 0 . 8 7 ^ + 0.002 (6.64) 
s 
The depth of the triangular portion of compression stress bloclc, determined from the 
strain diagram is given by: 
7 i = ^ ^ r (6.65) 
Y^^^id-y) (6.66) 
For the equilibrium of the section, equating the total compressive force to the total 
tensile force: 
C,,+C,,=T,+T,,+T,, (6.67) 
Where, 
Qi = Compressive force due to the triangular portion of compressive stress 
block 
= -x0.446.cT,„./).7, (6.68) 
214 
0.446 Or 
Strain Diagram Stress Diagram 
Figure 6.25 Stress and strain distribution of singly reinforced polymer 
concrete beam for case B 
Q2 = Compressive force due to the rectangular portion of compressive stress 
block 
= 0.446.cT,„A(r-r,) (6.69) 
r^ i = Tensile force in polymer concrete due to the triangular portion of the 
tensile stress block 
-xO.eiaJY, (6.70) 
T^2 = Tensile force in polymer concrete due to the rectangular portion of the 
tensile stress block 
= Q.61a,^b[d-Y-Yj] (6.71) 
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T, = Tensile force in steel 
= 0.87./,.^ y-^st (6.72) 
The depth of neutral axis Y may be determined from Eqn (6.67) for the known 
section and area of steel by putting the value of Q ] , Q 2 , T^^, T^2 ^"d a^. 
The moment of resistance may be determined by taking the moment of all the forces 
about r 
Mu = 2;, d-Y — K, 
"^ 2 
d-Y-Y, + C c\ d-Y + -Y, 3 ' 
+ C c2 ^-\^-y.) 
(6.73) 
Putting the value of Q, , C,2, T^x and T^ from Eqn (6.68) to (7.71), the above 
Equation converts to 
(6.74) M„ = Kbd' 
Where, 
/ : = 0.333cT„ 7 2 7, 
d 3d 
+ 0.67CT„X-
d d 
+ -X 0.446(7, 7 7 2Y^ 
d'^ 3 d 
+ 0.446(7. 
/ 
'l^Y,^ 
yd d J 
(6.75) 
The overall depth of the section of PC beam appearing in the expression of tensile 
force and its moment has been replaced by effective depth in Eqn. (6.74). The 
approximation has simplified the above equation and it on the conservative side. In 
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doing so, the tensile strength of concrete in the effective cover portion has been 
ignored. 
6.3.4 Doubly Reinforced Section 
A doubly reinforced concrete beam is reinforced in both compression and tension 
regions. The necessity of using the reinforcement in compression in addition to that in 
tensile region arises mainly due to two reasons: 
1. When depth of the beam is restricted and the strength available from the 
reinforcement in the tension zone is inadequate. 
2. At a support of continuous beam where the bending moment changes sign and 
the reinforcement is required for the negative moment being produced near the 
intermediate supports. 
6.3.4.1 Types of Problems 
There are two types of problems 
i) Analysis 
ii) Design 
The analysis of doubly reinforced section involves the determination of moment of 
resistance of the given section and area of tension and compression steel and their 
covers. The other parameters known are: 
£cu Ultimate strain in concrete in compression 
£cy Yield strain in concrete in compression 
% Yield strain in concrete in tension 
Get, Ultimate compressive stress in concrete in compression 
Gn, Yield stress in concrete in tension 
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When a section of given dimension is required to carry a given bending moment in 
excess of what it can carry as singly reinforced section, compression reinforcement is 
necessary and certain additional tension reinforcement is also required. 
The design of a doubly reinforced section involves the determination of cross-
sectional dimensions and the areas of tension and compression reinforcement. The 
first step involves the determination of whether compression steel is required. This is 
done by comparing the bending moment with the limiting moment of resistance of a 
singly reinforced beam. Then if the bending moment is greater than the limiting 
moment of resistance the compression steel is required, and which can be obtained 
from the equation of equilibrium. 
6.3.4.2 Stress in Compression Reinforcement 
The analysis is similar to that for the singly reinforced beam except that the 
compressive force consists of two parts i.e. in compression steel and concrete. The 
stress CTsc in compression steel corresponds to the strain in concrete 8sc at that level. 
Now, 
^sc ^c 
Y-d' Y 
or. 
(6.76) 
where d' = Effective cover to the compression reinforcement 
The stress in compression reinforcement will be: 
For Fe 250 
a =0.87/ =217.5MPfl for ^,, >0.00I09 
sc -^ y 
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and 
CT,=E,s,, for £ , < 0.00109 
sc s sc 
For HYSD bars 
0.87 A 
a,=E,£,, for f, <0.8x-
Es 
sc ^s^sc 
cT,,=-2xlO^£^/+1204156^,,+154.8 for 
0.87/, 0.87/ 
0.8 X ^ < £^^ < — ^ + 0.002 
0-87/, (J,, = 0.87/ for s,, > ^ + 0.002 
6.3.4.3 Analysis 
Depending upon the magnitude of the bending moment, section dimension and area of 
steel, there may be the following two possible states f stresses. 
A) Elastic state in compression 
B) Elasto-plastic state in compression 
A) Elastic state in compression 
The variation of strain and stress across the section is shown in Fig. 6.26. From the 
strain diagram, we obtain the depth of neutral axis: 
^C ^C "^ ^Sl 
Y d 
or, 
(6.77) 
^c ~ ^st d-Y 
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0.67Oh, 
Figure 6.26 Stress strain diagram of a doubly reinforced PC beam for case A 
The magnitude of compressive stress in the top compression fibre a^ may be 
calculated from the following relation 
a, = 0.446(j„ £. 
'cy 
(6.78) 
For the equilibrium of the force on the section, equating the total compressive force to 
the total tensile force on the section, thus: 
c,+c,=r„+7;2+7^. (6.79) 
Where, 
Cp = Compressive force in polymer concrete 
2 ' 
(6.80) 
C = Compressive force in compression steel 
- ^sc-^sc 
(6.81) 
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r^ i = Tensile force due to triangular portion of the tensile stress block 
= -x0.67a,„^72 (6.82) 
T^2 ^ Tensile force due to rectangular porticfe'of the tensile stress block 
= 0.61aj[d-Y-Y-^) (6.83) 
T, = Tensile force in steel 
= 0.87. A .^, (6.84) 
The depth of neutral axis Y may be determined from Eqn (6.79) for the known 
section and area of steel by putting the value of Q T ,^, T^2 ^"'^  ^c • 
Taking moment of all the tensile forces about Q (Fig. 6.20), the moment of 
resistance of the section is given by the following relation: 
Mu=Tc\^- Y + Y, + T,2 d-Lj-Ud-Y-Yj) 
3 2^ ^^  
+ L 
+c. -Y-d' 
(6.85) 
The moment of resistance of the section can also be alternatively determined by 
taking the moment of forces about the tensile force in steel, thus giving: 
^u = ^d 
^ - 2 d-Y—Y^ 
3 
+ T,2y-[d-Y-Y2]+cid--Y] + CXd-d') (6.86) 
2 V 3 y 
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B) Elasto-Plastic State in Compression 
The variation of flexural strain and the corresponding stress across the section is 
shown in Fig. 6.27. From the strain diagram, we get: 
(6.87) 
Y 
d-Y 
f 
Where £,, = 0 . 8 7 ^ + 0.002 
The depth of the triangular portion of compression stress block, determined from the 
strain diagram is given by: 
y, = ^ r (6.88) 
Y.J-^ [d-Y] (6.89) 
k-b 
"' Xd' 1 
0.446 a, 
Y, 
D 
Ast 
• • • 
Strain Diagram 
0.67atu 
Stress Diagram 
Figure 6.27 Stress and strain distribution of doubly reinforced PC beam for 
caseB 
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For the equilibrium of the section, equating the total compressive force to the total 
tensile force: 
Q,+c,2+c,=7;+r„+r,2 (6.90) 
Where, 
Qi = Compressive force due to the triangular portion of compressive stress 
block 
= -x0.446.c7„,A7| (6.91) 
Q2 = Compressive force due to the rectangular portion of compressive stress 
block 
= 0.446.c7,„A(y-r,) (6.92) 
Cj - Compressive force in compression steel 
- ^sc'^sc 
r^ i = Tensile force in polymer concrete due to the triangular portion of the 
tensile stress block 
= -x0.67aJY2 (6.93) 
T^2 = Tensile force in polymer concrete due to the rectangular portion of the 
tensile stress block 
= 0.67aj(d-Y-Y2) (6.94) 
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r, = Tensile force in steel 
= 0.87./,.^,, (6.95) 
The depth of neutral axis Y may be determined from Eqn (6.90) for the known 
section and area of steel by putting the value of Q, , C^2' ^d' c^2 ^^^ ^c • 
The moment of resistance may be determined by taking the moment of all the forces 
about r. 
d-Y--Y. 
3 " 
+ T;? X -
'c2 d-Y-Yo 
f 
+ C, c\ d-Y + -Y^ 3 ' 
.-i(?-r,) ^C,{d-d') 
(6.96) 
6.3.4.4 Design 
A doubly reinforced beam can be assumed to be made of two beams A and B as 
shown in the ^ ^ ^ f t . In beam A which is a singly reinforced beam, the tension steel 
At| is required to balance the force of compression in concrete, in addition to the 
tensile force provided by polymer concrete in the tensile zone. In the imaginary beam 
5, the tension steel At2 is required to balance the force of compression Cs in 
compression steel. The stress diagrams are shown in Fig.^B. The following steps are 
involved in the design of a doubly reinforced polymer concrete beam. 
Step 1: 
The limiting moment of resistance of singly reinforced polymer concrete section, 
M„ ^ ^ may be calculated from case B of singly reinforced section, wherein there is 
elasto-plastic state of stress in compression, by putting e^ = ^^„. Thus the limiting 
moment of resistance of the section may be estimated from Eqn. 6.74 or 6.51 
depending upon the consideration or the neglect of the tensile strength of PC 
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respectively. The area of tension steel required for the balanced section A^ may be 
calculated from Eqn. 6.69 or 6.44 depending upon the consideration or the neglect of 
the tensile strength of PC respectively. The compressive and tensile forces in polymer 
concrete CCl CC2, TCI and TC2 are given by Eqns 00 to 00. Whereas, the tensile 
forces in steel are given by : 
r,, =0.87/,^/, (6.97) 
T,2=0.S7fyAt2 (6.98) 
d 
T 
* u 
• A 
Ast 
• • 
* 
• 
• 
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Td' 
0.446 O cu 
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At, 
Beam A 
.. i 
OR 
Tc2. 
+ 
•cl 
cl 
'd' 
d-d' 
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(d-d') 
h2 
ast=0.87/, 
Figure 6.28 Stress in an idealized doubly reinforced polymer concrete beam 
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step 2 
If the bending moment M exceeds M„ ^,„, a doubly reinforced section is required to 
be designed for the additional moment(Af-M„ L,m)- This moment is resisted by an 
internal couple consisting of compression force Q in the compression steel and 
tension force Tj in additional tension steel in imaginary beam B. 
The compressive force in compression steel is given by 
C,=u,,A,, (6.99) 
where, A^^ =Area of compression steel 
and, 
M-M,^^^=a,,A,Xd-d') (6.100) 
Step 3 
The additional area of tension steel Atj is obtained by considering the equilibrium of 
the force of compression C^^ in compression steel and force of tension T2 in the 
additional tension steel i.e. 
a,,.A^,^Q.^l.f^.At, (6.101) 
Step 4 
The total tension steel A^^ is given by: 
A^,^At,+At2 (6.102) 
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6.4 VALIDATION OF FLEXURAL BEHAVIOUR OF PC BEAMS 
The flexural analysis of plain and reinforced PC beams developed on the basis of the 
basic properties of material, as given in earliest sections, has been validated with the 
experiments conducted under the present study. The validation is obviously based on 
the assumptions made in the analysis, wherein the idealized stress blocks for 
compression and tension have been used. 
6.4.1 Plain PC Beams 
The flexural analysis of plain PC cross-sections involves the determination of the 
stress block parameters and the ultimate moment of resistance of the section. The 
stress block parameters for compression and tension are: 
1. Depth of neutral axis Y 
2. Depth of triangular portion of stress block in compression and tension and i.e. 
7] and Y2 respectively. 
3. Strain in extreme compression and tension fibres i.e. s^ and s, 
4. Stress in extreme compression and tension fibres i.e. a^ anda^. 
There may be three possible state of stresses in the flexural analysis of a PC section, 
as discussed in Sec. 6.3.2 and the applicability of a particular case depends upon the 
limits of strain specified for each case. The flexure testing of plain PC beams for the 
four sets, identified earlier and used in the present validation has already been 
presented in Chapter 5. The stress block parameters and the moment of resistance of a 
section calculated from the approach of analysis are given in taBfejS^ along with the 
ultimate moment observed through experiments, The applicable case for the flexural 
analysis of PC beams is case II, wherein there is elastic state in compression and 
elasto-plastic state in tension. A comparison of the computed and experimentally 
observed values of ultimate moment of resistance of the section indicates that there is 
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very good validation for all sets except in the case of the specimen prepared with BPO 
as initiator and having PET glycol ratio of 1:1. The error in the prediction of the three 
sets is within 10% and that in the case of BPO, 1:1 the error is nearly about 35%. 
It is observed from the stress block parameters, that the failure of section in flexure 
for all the four sets of PC occurs by flexural cracking of concrete and the stress in the 
extreme compression fibre is 44% and 37% more than the stress developed in extreme 
tension fibre for the test specimens prepared with MEKP and having PET glycol ratio 
of 1:1 and 2:1 respectively. Where as in the case of the flexural test specimen made of 
BPO as initiator and having PET glycol ratio of 1:1, the stress in the extreme 
compression fibre is about 41% less than the stress developed in the extremes tension 
fibre, wherein in the case of the specimen with BPO as initiator and PET glycol ratio 
of 2:1, the stress in extreme compression fibre is slightly more (about 7%) than the 
stress in the extreme tension fibre. 
6.4.2 Reinforced PC Beams 
The flexural analysis of reinforced PC cross-sections involves the determination of 
the stress block parameters and the ultimate moment of resistance of the section. The 
flexural analysis of reinforced PC sections has been performed, in the earlier sections, 
by either ignoring or considering the tensile strenigth of PC. The latter case has been 
used for the purpose of validation, whereas, the former may be used in the simplified 
procedure of design. It may be noted here that the tensile strength of PC in the cover 
portion of tension steel has been ignored for the simplicity of the analysis. The stress 
block parameters for compression and tension are same as those considered in the 
validation of plain PC beams. 
There may be two possible state of stresses in the flexural analysis of reinforced PC 
section, as discussed in Sec. 6.3.3 and the applicability of a particular case depends 
upon the limits of strain specified for each case. The flexure testing of reinforced PC 
beams for the four sets used in the present validation has already been presented in 
Chapter 5. The stress block parameters and the moment of resistance of a section 
calculated from the approach of analysis are given in Table 6.6 along with the 
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ultimate moment observed through experiments. The applicable case specifying the 
state of stress at the time of failure is also mentioned in the table. A comparison of the 
computed and experimentally observed values of ultimate moment of resistance of the 
section indicates that the error involved in the prediction of ultimate moment is only 
14% in the case of the specimen prepared with E5P0 as initiator and having PET 
glycol ratio of 1:1. Whereas the error in the prediction on ultimate moment of 
resistance in the case of specimens prepared with MEKP as initiator and PET glycol 
ratio of 1:1 and specimens prepared with BPO and PET glycol ratio of 2:1 is 40% and 
62%) respectively. 
The values of Moment of resistance of PC beams has also been calculated by ignoring 
the tensile strength of PC and the same along v/ith the moment of resistance by 
considering the tensile strength are given in Table 60. It may be noted here that 
percentage increase in moment of resistance when tensile strength of PC is considered 
was 48%, 36% and 19%, in the case of MEKP 1:1, MEKP 2:1 and BPO 2:1 
respectively whereas the increase in the moment of resistance in the case of BPO 1:1 
is almost negligible. 
The stress in the extreme compression fibre is 4l%o and 11% more than the stress 
developed in extreme tension fibre for the test specimens prepared with MEKP and 
having PET glycol ratio of 1:1 and 2:1 respectively. Where as in the case of the 
flexural test specimen made of BPO as initiator and having PET glycol ratio of 1:1, 
the stress in the extreme compression fibre is about 65% less than the stress developed 
in the extreme tension fibre, wherein in the case of the specimen with BPO as initiator 
and PET glycol ratio of 2:1, the stress in extreme compression fibre is 21% more than 
the stress in the extreme tension fibre. 
6.4.3 Moment Curvature Relationship 
The moment curvature relations for plain and reinforced PC beams obtained from the 
flexure test are plotted in Figs. 6.15 to 6.16 and 6.17 to 6.18 respectively. It is 
observed from the figures that the moment curvatures relation is linear in the 
beginning followed by a flat curve. This is valid for both plain as well as reinforced 
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PC beams. The value of ultimate strain for reinforced PC beams is 10 to 20 times that 
of yield strain for the four sets, which shows that there is sufficient rotation capacity 
in the section thus permitting the application of limit analysis for the design of 
reinforced PC cross sections. 
230 
Figure 6.1 250 ton INSTRON close loop universal testing machine 
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Figure 6.2 Post Cracking Test 
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Figure 6.3 Stress strain curves of PC made of MEKP in a post 
cracking test 
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Figure 6.4 Stress strain curves of PC made of BPO in a post 
cracking test 
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Figure 6.5 Crack pattern in post cracking test of PC specimen 
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Figure 6.6 Idealized bi-linear stress strain curves and strain 
softening of PC made of MEKP 
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Figure 6.7 Idealized bi-linear stress strain curves and strain 
softening of PC made of BPO 
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Figure 6.8 Idealized stress-strain curve for polymer concrete in 
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Figure 6.9 Deformed shape of PC beam in flexure 
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Figure 6.10 Stress-strain curve and proposed model for un-reinforced 
PC beams made of MEKP as initiator 
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Figure 6.11 Stress-strain curve and proposed model for un-
reinforced PC beams made of BPO as initiator 
240 
0.67 a, 
*• Strain 
'-tu 
Figure 6.12 Idealized and design stress-strain curves for polymer concrete 
in tension 
0.87fy _ 
Strain 
Figure 6.13 Idealized stress-strain curve for mild steel bars 
24] 
400-
350-
^ 300-
CL 
1, 250-
(/) 
^ 200-
^ 150-
100-
50-
n -
C 
Figure 6.1 
U^ 
/ Characteristic 
/ Curve 
415 
0.87 fy 
) 0.001 0.002 0.003 0.004 
Strain 
4 Idealized stress-strain curve for high yield 
strength deformed bars 
242 
250 
PCB1 
(MEKP, 1:1) 
O 
o Seriesi 
—Series2 
0.0002 0.0004 0.0006 
Curvature (1/mm) 
— I 1 
0.0008 0.001 
200 
150-
E 
£ 
t 100 
0) 
E 
o 
50-
D 
/a 
'••* 1 
n 
1 — 
D 
D 
PCB2 
MEKP, 2:1 
D Seriesi 
Series2 
1 1 
0.00005 0.0001 0.00015 
Curvature(1/mm) 
0.0002 
Figure 6.15 Moment curvature relationship of un-reinforced PC beams 
made of MEKP as initiator 
243 
200 PCB3 
(BPO, 1:1) 
o Seriesi 
Series2 
— I 1 1 1 1 1 I 
0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 
Curvature (1/mm) 
PCB4 
(BPO, 2:1) 
o Seriesi 
—Series2 
0.00005 0.0001 0.00015 0.0002 0.00025 
Curvature (1/mm) 
Figure 6.16 Moment curvature relationship of un-reinforced PC beams 
made of BPO as initiator 
244 
RPCB1 
{MEKP,1:1) 
o Series 1 
Series2 
0 0.0005 0.001 0.0015 0 002 0.0025 0.003 0.0035 
Curvature (1/mm) 
160 1 
RPCB2 
(MEKP, 2:1) 
O Seriesi 
—— Series2 
0.0005 0.001 
Curvature (1/mm) 
0.0015 
Figure 6.17 Moment curvature relationship of reinforced PC beams 
made of MEKP as initiator 
245 
240 
200 -
p 160 
Z 
120 
c 
o 80 
40 
o 
^ 
- r 
1 
o 
o 
RPCB3 
(BP0,1:1) 
0 Series 1 
Series 2 
0.0005 0,001 0.0015 0.002 0.0025 0.003 
Curvature (1/mm) 
^ . 
RPCB4 
(BPO, 2:1) 
O Serjesl 
^—'Series2 
0.001 0.002 0.003 0.004 
Curvature (1/mm) 
0.005 
Figure 6.18 Moment curvature relationship of reinforced PC beams 
made of BPO as initiator 
246 
Table 6.1 Characteristic of the design curves and model parameters for the 
four sets of polymer concrete in compression 
1 Material 
i 
1 Yield 
stress 
Yield 
strain 
! (MPa) i 
1 MEKP, 
1:1 
1 i MEKP, 
2:1 
BPO, 
1:1 
BPO, 
2:1 
CCB 
41.30 
36.17 
10.88 
22.86 
15 
0.00647 
0.00691 
0.0121 
0.00892 
0.002 
Ultimate 
strain 
0.0200 
0.0230 
0.0430 
0.0270 
0.0035 
Equation of the 
curve 
a = 0.2838i'-' "^^ 
(7 = 0.4606^r"^^^ 
149.64^ + 16.603 
a = 1080.4;?^-
330.386s+ 30.788 
Strain softening model 
parameters 
A 
0.2838 
0.4606 
352.58 
1080.4 
-
B 
-1.2784 
-1.1267 
-149.64 
330.386 
-
C 
16.603 
30.788 
• 
Table 6.2 Curvature of strain softening model in compression 
Material 
MEKP, 1:1 
MEKP, 2:1 
BPO, 1:1 
BPO, 2:1 
Strain 
softening 
model 
Exponential 
Exponential 
Parabolic 
Parabolic 
Curvature of strain softening model 
Model 
^y^^AB{B-\)e^-^ 
as 
Ik 
Ik 
Numerical 
value 
0.827^-^- '^^ ' 
1.104 -^^ '^ ^^ 
705.16 
2160.8 
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Table 6.3 Characteristic of the design curves for the four sets of un-reinforced 
polymer concrete beams in flexural tension 
Type of beam 
PCBl (MEKP, 1:1) 
PCB2(MEKP,2:1) 
PCB3(BP0, 1:1) 
PCB4(BPO,2:l) 
CCB 
Yield stress 
of model 
(MPa) 
9.00 
6.8 
7.06 
6.25 
2.00 
Yield strain 
of model 
0.00163 
0.00154 
0.00171 
0.00132 
0.00150 
Ultimate 
strain of 
model 
0.00423 
0.00324 
0.00380 
0.00300 
0.0025 
Moment 
(kN-mm) 
200 
155 
150 
100 
30 
Table 6.4 Characteristic of the design curves for the four sets of 
reinforced PC beams in flexural tension 
Type of beam 
PCBl (MEKP, 1:1) 
PCB2 (MEKP, 2:1) 
PCB3(BP0, 1:1) 
PCB4(BPO,2:l) 
RCCB 
Yield 
stress of 
model 
(MPa) 
16 
5.5 
12 
12 
5.5 
Yield 
strain of 
model 
0.0045 
0.00370 
0.00560 
0.00400 
0.0055 
Ultimate 
strain of 
model 
0.0150 
0.0210 
0.0190 
0.0140 
0.024 
Moment 
(kN-mm) 
350 
150 
208 
228 
118 
Table 6.5 
Material 
MEKP, 1:1 
MEKP, 2:1 
BPO, 1:1 
BP0,2:1 
Verification of test results of un-reinforced PC beams 
Parameters 
Y 
(mm) 
23.67 
24.47 
34.34 
29 
(mm) 
10.14 
12.14 
7.05 
9.24 
(MPa) 
10.83 
7.25 
3.34 
4.73 
Moment of 
resistance 
(kN-mm) 
200.45 
140.86 
92.74 
109.52 
Observed values of 
bending moment 
(kN-mm) 
200 
155 
150 
100 
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Types of Cases 
Case 1 
3 
M,=T,Ad-Y-=^Y2 + T,2X d-Y-Yo + C d--Y 
3 
Where, 
Tc\ =-x0.67(7,„/)r2 
T,2=0.67cTiXd-Y-Y2) 
Cr -—(JrbY 
d-Y 
s,t = ^ + .002 
h=-^Y, '•ty U^ 
Case 2 
d-Y — Ko 
3 ^ 
+ T IT X - d-Y-Y-, + C. d d-Y + -Yi 
3 ' 
+ C, c2 «'4(^~^') 
Where, 
Q2=0.446a,„6(7-r,) 
rcl=-x0.67(T;„^F2 
r,2=o.67(T,„5(^-F-r2) 
Case 3 
Same as case 2 except that s^, = E 
cu 
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Table 6.7 Moment of resistance of PC beams when tensile strength of PC is 
ignored 
1 Material 
i 
1 
MEKP, 
1:1 
MEKP, 
2:1 
BPO, 1:1 
BP0,2:1 
Moment of resistance 
Tensile 
strength 
Ignored 
(kN-mm) 
331 
322 
237 
309 
Tensile 
strength 
considered 
(kN-mm) 
489 
439 
238 
370 
Limiting 
resistance 
Tensile 
strength 
Ignored 
(kN-mm) 
845 
752 
233 
475 
moment of 
Tensile 
strength 
considered 
(kN-mm) 
850 
755 
234 
477 
Observed 
values of 
bending 
moment 
(kN-mm) 
350 
150 
208 
228 
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Chapter 7 
Failure Criteria of Polymer Concrete Under 
Multi-axial Stresses 
7.1 INTRODUCTION 
The failure analysis of a material requires the understanding of its behaviour under 
different possible multi-axial state of stresses and the establishment of failure criteria 
for these states. The strength of a material under multi-axial stresses is a function of 
the state of stress and cannot be predicted from the uni-axial test results. The failure 
criteria of commonly used building materials, e.g. steel and concrete under multi-axial 
state of stress are relatively vv'ell established and can be found in standard text books 
[Chen (1982)]. The PC being a new material, its failure criteria is required to be 
established for its proper modeling. 
In formulating failure criteria for polymer concrete (PC) under combined states of 
stress, a proper definition of failure must be understood. Such criteria as yielding, 
initiation of cracking, load carrying capacity and extent of deformation have been 
used to define failure. But here the failure is defined as the ultimate load carrying 
capacity of a test specimen or a PC element. In general, PC failure can be divided into 
tensile and compressive types, generally characterized by brittleness and ductility, 
respectively. Now, with respect to the present definition of the failure, the tensile 
failure is characterized by the formation of major cracks and the loss of tensile 
strength in concrete normal to the crack direction. In compressive failure many small 
cracks develop, and the concrete element loses most of its strength. The idealizations 
are therefore essential in order to develop a simple mathematical model for practical 
applications. 
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To understand the behaviour of the material under multi-axial state of stress, the tri-
axial tests were carried out. These tests were conducted on the following two types of 
PC: 
1. PC prepared with MEKP and CoNp as initiator and promoters having PET 
glycol ratio of 1:1. 
2. PC prepared with Benzoil per oxide and N, N-diethyl aniline as initiator and 
promoters having PET glycol ratio of 2:1. 
The above two types of PC were found to be better than the rest of the types 
considered in the short listed types of PC in terms of the basic mechanical properties 
presented in Chapters 3 and 4. The samples were tested at three different confining 
pressures of 20, 30 and 40 N/mm .^ Based on these tests, failure criteria for the above 
two types of PC, henceforth called as PCTM and PCTB respectively, has been 
established and presented in this chapter under general three-dimensional state of 
stress that may be implemented in computer codes of structural analysis. 
7.2 EXPERIMENTAL PROGRAMME 
In order to determine the behaviour of PC under multi-axial state of stress, the tri-
axial test specimens were prepared by using the standard mould of size 38 mm in 
diameter and 84 mm in length as shown in Fig 7.1 (a). The freshly mixed material 
consisting of 10 % unsaturated polyester resin by weight of aggregates was put in the 
mould for the casting purpose. The size of the coarse aggregate taken was 10 mm and 
coarse sand conforming to zone III of IS code 383-1970 was used. The cast material 
was then demoulded after 6 hours in the case of BPO and after 15 minutes in the case 
of MEKP. The demoulded specimens were then left at room temperature for 12 hours, 
after which they were kept in the oven for 72 hours at 150°C for further curing. The 
cured specimens were then properly packed in polythene bags with adequate 
cushioning between them in order to avoid damage to the specimens during transport 
to Indian Institute of Technology, Roorkee, for their subsequent testing. The tests 
were carried out in the geotechnical laboratory at Indian Institute of Technology, 
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Roorkee on a tri-axial rock-testing machine as shown in Fig. 7.1(d). The test results 
are shown in Tables 7.1 and 7.2. 
Table 7.1 Load-deflection at various confining pressures for MEKP specimens 
Confining Pressure 
(20 MPa) 
Deviate r 
Load 
(kN) 
0 
70 
120 
160 
180 
190 
190 
Axial 
Compression 
(mm) 
0 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
Confining Pressure 
(30 MPa) 
Deviator 
Load 
(kN) 
0 
50 
130 
170 
200 
240 
2700 
270 
270 
270 
Axial 
Compression 
(mm) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
Confining Pressure 
(40 MPa) 
Deviator 
Load 
(kN) 
0 
80 
190 
240 
280 
300 
330 
330 
330 
Axial 
Compression 
(mm) 
0 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
Table 7.2 Load-deflection at various confining pressures for BPO specimens 
! Confining 
(a3 = 2( 
Deviator 
load 
(kN) 
0 
40 
110 
140 
170 
180 
180 
180 
180 
Pressure 
)MPa) 
Deflection 
(mm) 
0 
O.Ol 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
Confining 
(a3 = 3( 
Deviator 
load 
(kN) 
0 
60 
70 
100 
180 
240 
280 
280 
280 
280 
Pressure 
)MPa) 
Deflection 
(ram) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
Confinin 
(03 = 4 
Deviator 
load 
(kN) 
0 
120 
180 
260 
280 
300 
320 
320 
320 
g Pressure 
OMPa) 
Deflection 
(mm) 
0 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
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(a) 
''^ 
H 
^^ •^1 
^^^^^^^^^Kf 
Tri-axial mould 
r~^ >^  
HB • 
^ ^ ^ ^ ^ ^ ^ ^ ^ B * •• - ^ ^ ^ ^ ^ ^ ^ ^ 1 
^ ^ ^ ^ 1 ^ H 
^wt 
Wm 
, ^ 
^ 
• 
(b) Prepared specimens 
(c) Preparation of sample for Test 
Figure 7.1 Tri-axial test set up 
(d) Tri-axial test setup 
7.3 STRESS AND STRAIN INVARIANTS 
A failure criterion of isotropic materials based upon the state of stress must be an 
invariant function of the state of stress, i.e. independent of the choice of the 
coordinate system by which stress is defined. One such method of representing such a 
function is to use the principal stresses, i.e. 
f{ffi,a2Mi) = 0 (7.1) 
to indicate the general functional form of the failure criterion. In the general case of 
the multi-axial state of stress, this approach of establishing a failure function is 
difficult to pursue. It is also difficult to supply both a geometrical and physical 
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explanation of failure on this basis. The three principal stresses 0^,0^ and a, can be 
expressed in terms of combinations of three principal stress invariants /i, J2 and J3, 
where /i is the first stress invariant of the stress tensor a^ and J2, ^ 3 are the second 
and third invariants of the deviatoric stress tensor Sjj. Furthermore, any invariant 
symmetric function of the state of stress can be expressed in terms these three 
principal stress invariants. Thus Eq. (7.1) can be replaced by 
f{l„J„J,) = 0 (7.2) 
These three particular principal stress invariants are more susceptible to geometrical 
and physical interpretations, which are independent of the properties of the specific 
material. These three principal invariants may be used in formulating the criteria of 
failure for recycled polymer concrete. In this section invariant forms of stress and 
strain are derived, and their physical and geometrical meanings are explained. 
7.3.1 Stress Invariants 
By definition the shear stress at a point inside a material vanishes on a principal plane 
defined by the principal direction «, of a principal stress a. Thus the stress vector T, at 
this point must be in the direction of the normal n, to the principal plane such that 
r, = an,. For such a direction, we would have 
( a , - a 5 , > ^ = 0 (7.3) 
where the stress tensor o,^ is related to the stress vector T, at the point through the 
Cauchy formula T^ =cr,^ n^  and 5,^  =5^, is the Kronecker delta, which is defined as 
being equal to +1 if / and; are same numbers and 0 otherwise. Eq. (7.3) is a set of 
three linear homogenous equations for («/, n2, ris). This set has solutions if and only if 
the determinant of the coefficients vanishes. 
K-^5,J = 0 (7.4) 
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or. 
(T, - a T„, X 
yx 
xy 
^y-"" ^yz 
z> 
(7.5) 
which is a cubic equation for CT with three real roots, 
(r'-Ziff'+Aa-/, =0 
where. 
(7.6) 
/, =a^+o^.+a^ =(T„ (7.7) 
h =[(^x(^y+<^y(^z + ' ^ r < ^ J - ^ " ^ v - ^ ^ v ^ "^^^^ = - ^ l ' - ^ ^ v ' ^ y (7.8) 
^3 = 
(^X '^Xi' ^XZ 
^yx (^y 
T T 
^ zx ^ zv 
" yz 
1,3 
-<^ij(^jk(^ki--lfij(^ji+-h (7.9) 
If the coordinate axes are chosen to coincide with the principal stress axes n„ a 
simpler form can be written: 
/ | = (7] + 0^ 2 + 0'3 
h =('^l'^2+f^2f^3+f^3f^l) 
(7.10) 
(7.11) 
IT, — 0\020T, (7.12) 
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Since the principal stresses cannot depend on the choice of coordinate axes, the 
quantities /i, h and h cannot change if the coordinate system is redefined and hence 
they are referred to as invariants of the stress tensor a,j. 
7.3.2 Deviatoric Stress Invariants 
The stress tensor CyCan be expressed as the sum of purely hydrostatic (spherical) 
stress On, and a deviation from the hydrostatic state Sij is 
ay=S^+Gj,^ (7.13) 
where, 
^m=-[^x+(^y+(^z)= 3^ 1 (7-14) 
represents the mean stress or the pure hydrostatic stress and 
Sij=o-oJ),j (7.15) 
is termed as the deviatoric stress or the deviatoric stress tensor, which represents a 
state of pure shear. 
To obtain the invariants of the deviatoric stress tensor S^., we can write 
•^,-56,1 = 0 (7.16) 
which is the cubic equation 
S'-J,S'-J,S-J,=0 (7.17) 
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where, 
J,=S„=S,+S^.-S,=0 (7.18) 
^2 - 2 ^iJ^J' 
or, 
J, =- {a, - Oy J + (oy -o,J +{a,- o^ f 2 2 2 • X j : ^ + X yz '\' X zx (7.19) 
•^ 3 - T ^ ij^jk^ki " 
X XV xz 
T 1 T 
VX '^ V VX 
"^ zx '^ zy ^z 
{12Q) 
As a consequence of the decomposition of Eq. (7.15), the principal directions of 
ffyand 5'y are identical. If the coordinate axes x, y and z coincide with the principal 
direction «, the following relations can be obtained: 
J, = ^, + ^ 2 + ^3 - 0 (7.21) 
4k J2=-W^S,'+S,' 
or, ^ 2 = 7 L 
0 
{p^-o^Y +{o2-o^f +{a^-0\f (7.22) 
J^-\[S'+S,'+S,')^S,S,S, = {a,-cJ,)ia,-a,Xa,-a,) (7.23) 
259 
7.3.3 Evaluation of Principal Stresses 
The direct evaluation of the roots from Eq. (7.6) or (7.15) for the values of principal 
stresses in terms of the invariants /i, J2 and J3 is not easy until the similarity of Eqn. 
(7.17) to the trigonometric identity is observed. 
cos^e--cose--cos3e = 0 (7.24) 
For if 5 = pcosG is substituted into Eq. (7.17), then 
c o s ' e - 4 - c o s 0 - 4 = O (7.25) 
P P 
Comparing terms with Eq. (7.24), results in 
P = - 4 V ^ (7.26) V '^ 
and 
4/3 3^3 J, 
cos3e = ^ = ^^ 1_ (7.27) 
p ' 2 J 3/2 
If 0^ denotes the first root of Eq. (7.27) for the angle 3^ in the range of 0 to 71, it 
follows that the angle ^o i^List vary within the range 
0 < e o < ^ (7.28) 
Noting the cyclic nature of COSISOQ ±2«7i), the three (and only three) possible values 
of cos 9 are 
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COsBr cosi 0Q — n 2 ^ cosI 6*0 + — ;T 
3 y 
(7.29) 
With the limitation imposed on OQ by Eq (7.28), the three principal stresses of o-yand 
Sjj are therefore given as 
5, 
s. 
s, 
= 
'^l 
(72 
^3 
-
(^n, 
^m 
^m 
^-^Jj s 
COS On 
cos] 0n ^ 
( 
COS 
2 ^ 
3 ; 
with (T| > (72 - 0^ 3 (7.30) 
and the three stress invariants chosen as a convenient alternative to the three 
invariants /|, J2 and J3 are: 
(^m = - ^ M J j ; and 0 < ^0 ^ 
71 
3 
7.3.4 Physical Interpretations of Stress Invariants 
There are several interpretations of the stress invariants / ] , J2 and J3, each of which 
are discussed as under 
Octahedral Stresses 
At a point inside the stressed body, consider a plane that makes an equal angle with 
each of the principal stress directions. This plane is called octahedral plane, and the 
stress acting on this plane is termed as octahedral normal stress Ooct and is equal to the 
mean normal stress (j„,. 
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3 / . - ^™ (7-31) 
The shear stress called octahedral shear stress Toct is given by 
roa-l\j2 (7-32) 
The direction of octahedral shear stress is defined by the angle of similarity 6, which 
is related to the invariant J3 by the following relation. 
V2J3 
cos3^ = ^  (7.33) 
r oct 
lA MATERIAL MODELS 
Based on experiments, it would be meaningful to seek yield criteria for PC in the 
ductile state under high hydrostatic pressure and to seek fracture criteria for PC in the 
brittle state under small stresses, but a simple combination of a fracture criterion with 
yield criterion will adequately describe the yielding, brittle fracture and ductile 
fracture of PC in the fracture-ductile state under an intermediate level of compressive 
stresses. Thus the failure criteria of PC should model the brittle fracture or the onset 
of flow or yielding in the material. The two simple models namely Mohr-Coulomb 
Criterion and Drucker-Prager Criterion would be useful for this purpose. The 
meridians of both these models depend linearly on the hydrostatic component of stress 
invariant, I\. These models are discussed in subsequent sub-sections. 
7.4.1 Mohr-Coulomb Criterion 
The Mohr criterion states that failure is governed by the relation: 
kl = f{^) (7.34) 
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Where the limiting shearing stress ron a plane is dependent on the normal stress am 
the same plane at a point and where Eq. (7.34) is the failure envelope for the 
corresponding Mohr circle. The failure envelope / (a) is an experimentally 
determined function. According to Mohr's criterion, the failure of material will occur 
for all states of stress for which the largest of Mohr's circle is just tangent to the 
envelope. This means that the intermediate principal stress has no influence on the 
failure. 
The simplest form of Mohr envelope is the straight line, as illustrated in Fig. 7.2. 
J^  
A , . 0 cosq) 
c .> 
. I ! . . . 
o 
(a + a)/2 
Fig 7.2 Relationships between principal stresses for Mohr-Coulomb criterion 
The equation for the straight line envelope is termed as Coulomb's equation, and is 
given as under. 
\T\ = c-otan(t) (7.35) 
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Where c is the cohesion and ^ is the angle of internal friction of the material. The 
failure criterion associated with Eq. (7.34) is referred to as Mohr-Coulomb criterion. 
In the case of frictionless materials for which<^ = 0, Eq. (7.35) reduces to the 
maximum shear stress criterion of Tresca, r = c, and the cohesion becomes equal to 
yield stress in pure shear i.e. c = k AX can be seen that the linear envelope provides a 
good approximation for the failure of brittle-ductile materials like concrete in the 
intermediate stress level. 
From Fig. 7.2 it can be seen that Eq. (7.35) is identical with the following equation: 
\ + sin(l) \-sin(j) , r -. -. /T T,C\ 
(7] --02 ^ = 1 for (T, > (T2 ^ <73 (7.36) 2c cos (I) 2ccos(l) 
a, ^3 
or, : i i - : i i ^ l (7.37) 
/ ; / ; 
where, / ; = ^ ^ ^ (7.38) 
-S\X\(j) 
and / ; = ^ (7.39) 
1 + sm^ 
in general it can be seen that the Mohr-Coulomb criterion is a two- parameter model, 
where any combination of parameters, such as(c,^), {fc,f,'), {f'c,<l>), etc., which are 
experimentally observable will be adequate to characterize the material completely. It 
is sometimes convenient to use the parameters /J and m, where 
1 + sin (^  / / 
m = -—r-7 = -4 (7.40) 
Using /^ for non-dimensionalization, the above Eq.(7.37) can be written as: 
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ma^ - 0 3 = 1 (7| > (72 > ff:, (7.41) 
Where, a, = —V 
Using Eq. (7.30), the Mohr-Coulomb equation (7.36) can be written in the following 
form 
f(a^,J2,d)=o^sin(l)^^Jo sin ^ ^ ^ i^l . . / ^ ^V.-..^ \-sin(l) 0 + -7r 
V 3 ; 43 V 3y 
sin^- = 0 
(7.42) 
or replacing .JlJ^ by r 
/((T^,r,9)=o^sm(/> + ~sin\ e + -n 
with 0 < ^ < • 
+ -7= cos 
V6 
5W^ 
1 - sin(j) 
= 0 
(7.43) 
which is a two parameter model and the two parameters are ^ and /^ , where /^ is a 
function of c and (^  and is given by the Eq.7.38. The parameter r is related to the 
octahedral shear stress, r^ ,^ with the help of the following relation: 
= V37 r = V3r OCI 
In the o-| -0-2 -o's coordinate system, Eq. (7.42) represents an irregular hexagonal 
pyramid. Its meridians are straight lines as shown in Fig. 7.3 and its deviatoric 
sections are shown in Fig. 7.4. 
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V'6(l-sin^) 
_ r^Q _ A/6(l - sin (f) 
f i-sirKp 
*^ o-„ 
Fig 7.3 Meridian plane of Mohr-Coulomb criterion 
ja|=a,//c 
e 
e 
V, 
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o 
" ' II 
CD 
. rto 
« Deviatoric Section at a = a ,//c = a 
m ml -^  
m m 1 -^  ml 
02= <5^lfc 
^3= ^i'fc 
Deviatoric Section at a = a Jfc = a 
m m2 •' m2 
Note: a„ = Hydrostatic pressure (o < a ) 
Fig 7.4 Deviatoric Sections of Mohr-Coulomb criterion 
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Only two characteristic lengths are required to draw the hexagonal pyramid shown in 
the figure 7.2. The lengths r,o and r^Q on the n-plane corresponding to ^ = 0 and 60°, 
respectively, are the true lengths, which can be obtained directly from Eq. (7.43) with 
a^ -0, r = r,Q,6 = 0° and a^ =0,r = r^Q , 6 = 60°. 
. „ = ^ ^ (7.44) 
j + sm^? 
Using Eq (7.38), the above equation converts to the following non-dimensional form 
' i 'O - ' 
r,Q _ V6(l - sin ^) 
/ 3 + sin^ 
and. 
r . , - ^ ^ - ^ (7.45) 
3-sm(Z) 
Using Eq (7.39), the above equation converts to the following non-dimensional form 
c^o _ ^ 0 ~ sin (f) 
' cO - ' / 3-sin(2i 
and the ratio of 
r,o _ 3 - sin (fi 
r^ o 3 + sin ^ (7.46) 
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7.4.2 Drucker-PragerCriterion 
The Mohr-Coulomb hexagonal failure surface is mathematically convenient in 
problems where it is obvious that which one of the sides is to be used. It becomes 
inconvenient if this information is not known in advance or the principal directions at 
each point are not fixed. In such cases, corners of the hexagon can cause considerable 
difficulty and complication in obtaining numerical solutions. A smooth approximation 
to the Mohr-Coulomb surface was expressed by Drucker and Prager in 1952 as a 
simple modification of the von Mises yield criterion in the following form 
/ ( ^ , ; ) = a ^ + r - / t = 0 (7.47) 
where a and k are the two positive constants at each point of the material. When a is 
zero, the Eq. (7.47) reduces to the von Mises yield criterion. These constants can be 
related to Mohr-Coulomb constants c and ^ as given below. 
The failure surface of Eq.(7.47) in principal-stress space is clearly a right circular 
cone whose meridian and cross section on n plane are shown in Fig 7.5. The 
Drucker-Prager surface can be looked upon as a smooth Mohr-Coulomb surface or as 
an extension of the von Mises surface for pressure-dependent materials. 
There are several ways to approximate the Mohr-Coulomb hexagonal surface by the 
Drucker-Prager cone. The size of the cone can be adjusted by the two constants a and 
k. If for example the two surfaces are made to agree, the compressive meridian r^ , 
where ^ = 60°, the two sets of material constants are related by 
2V6sin;^ , V6(l-sin^) _ ,_ 
a = 71—H^ k = - V f^  (7.48) 
(3-sm^ (3-sin^) ^ 
The cone corresponding to the constants in the above equation circumscribes the 
hexagonal pyramid and represents an outer bound on the Mohr-Coulomb failure 
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surface. On the other hand, the inner cone passes through the tensile meridian r,, 
where ^ = 0°, and will have the constants 
a ~ 
2V6sin^ v6(l-sin<z)) 
(3 + sin ^  (3 + sin (f) 
It may be noted that the above two model parameters are non-dimensional 
(7.49) 
•'tT„ 
(b) 
Fig 7.5 Drucker-Prager criterion (a) meridian plane (b) % plane 
7.5. EVALUATION OF MODEL PARAMETERS FOR PC 
The numerical values of stress Invariants and deviatoric stress invariants 
corresponding to the failure points observed in the tri-axial experimental results 
presented in section 7.2 are given Tables 7.3 to 7.6. The model parameters for Mohr-
Coulomb and Drucker-Prager material models, estimated from the tri-axial results are 
evaluated in subsequent subsections. 
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Table 7.3 
Test Results 
Uni-axial 
tension test 
Uni-axial 
compression 
test 
Tri-axial 
tests - 1 
Tri-axial 
tests - 2 
Tri-axial 
tests - 2 
Principal stresses and stress 
Principal Stresses 
<^ 1 
0.119 
-1.000 
-4.362 
-6.236 
-7.702 
ff2 
0.000 
0.0.000 
-0.476 
-0.714 
-0.952 
<^ 3 
0.000 
0.000 
-0.476 
-0.714 
-0.952 
invariants for the test results for PCTM 
Mean 
Stress 
Om 
0.040 
-0.333 
-1.771 
-2.555 
-3.202 
Stress Invariants 
Eq. (7.10) 
0.119 
-1.000 
-5.314 
-7.665 
-9.606 
Eq.(7.11) 
0.000 
0.000 
4.381 
9.419 
15.577 
^3 
Eq.(7.11) 
0.000 
0.000 
-0.989 
-3.182 
-6.986 
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Table 7.5 
Test Results 
Uni-axial 
tension test 
Uni-axial 
compression 
test 
Tri-axial 
tests - 1 
Tri-axial 
tests - 2 
Tri-axial 
tests - 2 
Principal stresses and stress invariants for the test results for PCTB 
Principal Stresses 
^^ 1 
0.133 
-1.000 
-5.957 
-9.230 
-10.739 
0 2 
0.000 
0.000 
-0.667 
-1.000 
-1.333 
'^3 
0.000 
0.000 
-0.667 
-1.000 
-1.333 
Mean 
Stress 
'^ m 
0.044 
-0.333 
-2.430 
-3.743 
-4.468 
Stress Invariants 
Eq. (7.10) 
0.133 
-1.000 
-7.290 
-11.230 
-13.405 
Eq.(7.11) 
0.000 
0.000 
8.387 
19.459 
30.414 
h 
Eq. (7.12) 
0.000 
0.000 
-2.648 
-9.230 
-19.091 
where, o^ =—r, 02 =—r, o^ =—7, o^ ----—j, /, =—p, I^ =—r, h =—r 
fc f. fc fc fc fc fc 
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7.5.1 Mohr-Coulomb Failure Surface 
The two-dimensional form of the Mohr-Coulomb failure surface shown in Fig. 7.6 is 
given by: 
(7| -(73 -2ccos(() + {a\ +a^)sin(p (7.50) 
The above equation may be more conveniently written as function of —' ^ and 
ff| -O^ 
^^^^ = d^ (Tj +(73 tan0 (7.51) 
Comparing Eqn. (7.51) with Eqn (7.50) it is observed that 
sin (^  = tan ^  (7.52) 
and c = - ^ (7.53) 
cos^ 
Eq. (7.51) represents the principal stress relationship and is an equation of a straight 
line having its Y-coordinate represented by — and X-coordinate represented by 
(T, +^3 This equation is known as the modified failure envelope (Fig.7.7) in which 
2 
the slope 0 and intercept c/are related to ^ and c through equations (7.52) and (7.53). 
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>• a 
Fig 7.6 Two-dimensional Mohr-Coulomb failure surface 
a^ +(Ti 
Fig 7.7 Modified failure envelope 
The modified failure envelope for the test results presented in Table 7.7 is plotted in 
Figs. 7.8 and 7.9 for the two materials respectively. The slope and intercept of the 
modified failure envelop may be found either fi-om best fit equation or using the 
following equations obtained by normalization: 
tan 9^ (Zx) - « Z J " (7.54) 
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c/ = (7.55) 
where, 
n = Number of data points, which in our test results is 3 
(T, +(T3 
And 7 = a^ -0-3 
The materia] mode) parameters c and ^ thus evaluated using Eqs. (7.52) and (7.53) 
and the uniaxial tensile and compressive strengths derived from these parameters 
using Eqs. (7.38) and (7.39) respectively are given in Table 7.8. 
Table 7.7 Tri-axial test results for PC test specimens 
Confining 
pressure 
(73 (N/mm^) 
Failure 
Normal 
pressure, 
0; (MPa) 
0-, +(T3 
x= — 
2 
MPa 
^ 2 
MPa 
PCTM 
20 
30 
40 
163.21 
231.93 
283.47 
PCI 
20 
30 
40 
158.71 
246.89 
282.16 
101.6 
146.0 
181.7 
81.6 
116.0 
141.7 
rB 
99.4 
153.4 
181.1 
79.4 
123.4 
141.1 
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Table 7.8 Values of material model parameter for Mohr-Coulomb 
failure criterion 
Type of 
Material 
PCTM 
PCTB 
C 
MPa 
8.46 
6.50 
(Degrees) 
48.71 
49.78 
f 
fc 
MPa 
44.892 
35.525 
MPa 
6.373 
4.764 
The failure surface for PCTM is 
V2 
^ 1 ^ 
e+-n 
V 3 J 
I 3j 
sm(A^.l\) 
+ —== cos 
V<3 
sin( 4S.7\) 
= 0 
or. 
/((T„,r,^)= 0.75(7^+-^ sin f 1 ^ [ 3 J + 0 .75 -^ cos V6 ^ 3j -0.125 = 0 (7.56) 
And that for PCTB 
f[(T^,r,dj=ai„ sin(49.78y + —^sin 
V2 
^ 1 ^ 
V 3 y 
+ —,= cos 
V6 V 3 , 
s!n(49JS) 
sin( 49.78) 
= 0 
or, 
/ ( cT„ , ; , ^ )=0 .76a„+-^s in | ^ + - ; r + 0.76-prcos 
^|6 e+-\ 3 ; 
-0.12 = 0 (7.57) 
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CO 
e" 
160.0 1 
140.0 -
120.0 -
100.0 -
80.0-
60.0-
40.0-
20.0-
0.0-
0.0 50.0 
y = 0.7514x + 5 5811 
R^ = 0.9996 
100.0 
(ai+a3)/2 
150.0 200,0 
Fig 7.8 Modified failure envelope for PCTM 
0.0 t-
0.0 50.0 100.0 
(o,+a3)/2 
150.0 200.0 
Fig 7.9 Modified failure envelope for FCTB 
The model parameters of the two materials being close to each other, the following 
equation of failure surface derived from the mean values of parameters may be 
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adopted from practical considerations instead of the independent failure surfaces for 
the two materials given by Eqs. 7.56 and 7.57 
f[aj,e)=0.155cj„ 
V2 sin 
f I ^ 
3 
0.755—prC05 
V6 V 3 ; 
0.123 = 0 (7.58) 
7.5.2 Drucker-Prager Failure Surface 
As discussed above, there may be two possible failure surfaces as indicated in Fig. 
7.10 for the Drucker-Prager model - one corresponding to the compressive meridian 
named as outer surface and the other corresponding to the tensile meridian named as 
the inner surface. The model parameters a and k for the two surfaces evaluated from 
the c and Rvalues computed in the previous section are given in Table 7.9. 
Table7.9 Material Constants for Drucker-Prager failure criterion 
1 
Type of 
Material 
PCTM 
PCTB 
Material Constants 
^=60° (outer surface) 
a 
1.637 
1.673 
K 
0.271 
0.259 
^=0° (inner surface) 
a 
0.981 
0.994 
K 
0.162 
0.154 
The failure surface for PCTM at ^= 60° and 0= 0°using Eq. (7.47) and the material 
constants as evaluated above is: 
/(cT„,/-)= 1.637a„ + r -0.271 = 0 at ^ - 60° (7.59) 
/(c7„, r) = 0.98 l(T„+r-0.162 = 0 at^=0° (7.60) 
And that for PCTB is: 
/(cr„,r) = 1.673(j^  +r-0.259 = 0 at 6= 60° (7.61) 
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/((T„,r)=0.994a„+A-~0.154 = 0 at (9=0° (7.62) 
Deviatoric Stations of Outer Drucker-Prager Surface 
Deviatoric Sections of Mohr-Coulomb Surface 
0 o 
II 
.1 /» 
^f^^ilfc 
' V 0-3= ajZ/c 
Deviatoric Sections of Inner Drucker-Prager Surface 
Note: Cj^  = Hydrostatic pressure ( o < o ) 
Fig 7.10 Deviatoric sections for Drucker-Prager criterion 
The outer surface model of Drucker-Prager circumscribes the Mohr-Coulomb failure 
surface thus representing an upper bound will not be conservative. The inner surface 
model of Drucker-Prager may be conservatively adopted in failure analysis of PC 
members. Further the model parameters for the two materials being close, a following 
failure surface derived from the average parameters may be used for both the 
materials. 
/ (o^ , r )=0 .988o^ + 7--O.I58 = 0 a t6 '=0° (7.63) 
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7.6 CONCLUDING REMARKS 
The uni-axial compressive strength and uni-axial tensile strength of PC predicted 
from Mohr-Coulomb criteria developed from tri-axial testing of the material compare 
well with the uni-axial compressive and tensile strength determined independently in 
Chapter 4. On the basis of the tri-axial test results presented and analysed in this 
chapter, PC produced with MEKP as initiator is better than PC produce with BPO as 
initiator. 
The inherent advantage of smoothness and continuity of flow direction makes the 
Drucker-Prager failure surface as a better choice than Mohr-coulomb surface for its 
adoption in practice. 
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Chapter 8 
Conclusions and Recommendations 
8.1 INTRODUCTION 
The purpose of the present investigation was to develop an alternative binding 
material from waste polyethylene terephthalate (PET) bottles, which can be used in 
place of ordinary Portland cement in the production of concrete to be used as a 
construction material. The recycled PET plastic waste was depolymerized through 
glycolysis to produce unsaturated polyester resin (UPER). The UPER so produced 
was then used as a binding agent to produce polymer mortar (PM) and polymer 
concrete (PC). Nine different sets (set 0 to 8) of PC were produced by varying PET to 
glycol ratio and initiator promoter combination. The PET to glycol ratio used in the 
present study was 1:1 and 2:1. The initiator promoter combination taken was Methyl 
ethyl ketone per oxide (MEKP) and cobalt naphthanate (CoNp) in one group of sets 
while Benzoil per oxide (BPO) and N, N-diethyl aniline (NNDA) in other group of 
sets. 
For studying the behaviour of the material under load, various properties of polymer 
mortar and concrete such as compressive strength, split tensile strength, modulus of 
elasticity, flexural strength, shear strength and bond with reinforcing steel were 
investigated experimentally. The behaviour of the material under multi-axial state of 
stresses was also investigated both experimentally and analytically. A rational design 
procedure has been developed for reinforced and un-reinforced polymer concrete 
beams. An attempt has been made to draw some meaningful conclusions from the 
present investigations, which are presented in the present chapter. 
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8.2 PRODUCTION OF POLYMER RESIN AND ITS CURING 
i) The plastic waste may be used after recycling to produce polymer resin by 
proper glycolysis of PET. The optimum conditions for the glycolysis of PET 
were observed at 190°C temperature, 8 hours of glycolysis time and 0.25% 
zinc acetate used as catalyst by weight of PET. 
ii) The dibasic acids (maliec and phthalic anhydride) were added in the resin and 
the mixture was heated for eight hours at 190°C to obtain unsaturated 
polyester resin (UPER). The hardening of UPER may be achieved by adding 
initiators (MEKP and BPO) and promoters (IMNDA and CoNp) 
iii) The polymerization process of the styrene supported recycled polyester resin 
is confirmed by scanning electron microscope (SEM) photographs. A 
comparison of SEM photographs of hardened polymer resin of all the sets with 
cement paste of 1:3 proportion shows that hardened cement paste has some 
porosity, whereas hardened polymer resin has almost negligible porosity. 
iv) The X-ray diffraction patterns of hardened polymer resin of all sets indicate its 
amorphous nature. 
v) The weight loss of hardened polymer resin for set no. 1.2, 5, 6 and 7 is less 
than 1% at 100°C and less than 3% at 200°C, thus indicating thermal stability 
upto 200°C. Whereas in the remaining sets weight loss is more. After 450°C, 
the curve the weight loss is almost 80% showing almost complete 
decomposition of the material. Among all the sets, sets 5 and 6 show better 
thermal resistance. 
8.3 PRODUCTION OF POLYMER MORTAR AND CONCRETE 
i) In order to reduce the viscosity of the UPER and to facilitate the formation of 
cross linkages, styrene is mixed in the UPER. The resulting mixture may then 
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be added in the inorganic aggregates along with initiator and promoter so as to 
produce polymer mortar or concrete. 
ii) The polymer mortar and concrete composite was formed by the cross linking 
of styrene with the UPER in the presence of free radicals. The free radicals 
were provided by initiator benzoil per oxide (BPO) with N, N-diethyl aniline 
(NNDA) acting as promoter in group I and II. In the other groups i.e. (groups 
III and IV), the free radicals were provided by methyl ethyl ketone per oxide 
(MEKP) as initiator and cobalt naphthanate (CoNp) as promoter. 
iii) The SEM picture of the polymer mortar matrix shows that it has a very low 
porosity in comparison to the cement mortar of even rich grade. 
iv) The X-ray diffraction pattern of hardened polymer mortar composite material 
for different sets indicates the crystalline nature of the material, whereas the 
nature of hardened polymer resin is amorpihous. This change of nature from 
amorphous to crystalline is due to the presence of aggregate (coarse sand). 
v) The weight loss of hardened polymer mortar for set no. 1.2, 5, 6, 7 and 8 is 
less than 0.5% at 200°C indicating thermal stability upto 200°C, whereas in 
the remaining sets the weight loss is more. After 700°C almost 80% of the 
resin component of the polymer mortar composite material is decomposed. 
8.4 MECHANICAL PROPERTIES OF POLYMER MORTAR 
8.4.1 Compressive Strength 
i) The compressive strength of PM produced with MEKP as initiator (i.e. group 
III and IV comprising of set numbers 5 to 8) is more than the compressive 
strength of PM produced with BPO as initiator (i.e. group I and II comprising 
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of set numbers 1 to 4). This is also confinned from the SEM photographs, 
wherein the linkages shown in the case of MEKP are more in numbers. 
ii) The compressive strength of the sets with PET to glycol ratio of 2:1 is more 
than that of 1:1. 
iii) The compressive strength of polymer mortar of group I (set 1 and 2) is more 
than that of group II (set 3 and 4). This may be due to the presence of phthalic 
anhydride in group I, which provides better site for the formation of cross 
chains. 
iv) Amongst all the sets, set 8 has the highest compressive strength of 28.5 MPa 
followed by set 6 which has compressive strength of 26 MPa. Both the sets 
have PET to glycol ratio of 2:1, but set 6 has both Maliec and phthalic 
anhydride and set 8 has only maliec anhydride. 
v) Amongst all the sets, set 3 has the lowest compressive strength of 15 MPa. It 
may be due to the lesser quantity of PET and the absence of phthalic 
anhydride. 
8.4.2 Stress-Strain Behaviour 
i) The ultimate crushing strain of PM produced with MEKP as initiator (i.e. 
group III and IV comprising of set numbers 5 to 8) is less than the crushing 
strain of PM produced with BPO as initiator (i.e. group I and II comprising of 
set numbers I to 4). This is also confirmed from the SEM photographs, 
wherein the linkages shown in the case of MEKP are more in numbers. 
ii) The ultimate crushing strain for PM produced with BPO as initiator (i.e.groups 
I and II) with PET to glycol ratio of 2:1 is less than that of 1:1. Whereas it is 
vice versa in the case of PM produced with MEKP as initiator (i.e.groups III 
and IV). 
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iii) Amongst all the sets, set 1 has the highest ultimate crushing strain of 6.90% 
followed by set 2 and set 8 which have a ultimate crushing strains of 4.26% 
and 4.16%) respectively. Amongst all the sets, set 7 has the lowest ultimate 
crushing strain of about ].39%. 
iv) The stress strain curves of polymer mortar are of two types: (a) Type I: Linear 
in the beginning followed by parabolic curve (sets 1, 6 and 7) and (b) Type II: 
Linear in the beginning followed by parabola and again becomes linear (sets 2, 
3, 4, 5 and 8). The beginning of parabolic curve indicates the initiation of 
breaking of linkages, thus leading to the development of micro cracks. But the 
subsequent linear portion of stress-strain curves of type II category may be due 
to the reason that other linkages become active in sharing the load along with 
the partially broken linkages. It is due to this reason that the slope of the 
second linear portion of stress-strain curves of type II category is less than the 
slope of the first linear portion. 
8.5 MECHANICAL PROPERTIES OF POLYMER CONCRETE 
8.5.1 Compressive Strength 
i) The compressive strength of PC produced with MEKP as initiator (i.e. group 
III and IV comprising of set numbers 5 to 8) is more than the compressive 
strength of PC produced with BPO as initiator (i.e. group I and II comprising 
of set numbers 1 to 4). This is consistent with the results obtained for polymer 
mortar, and may be due to the cross linking sites being provided by phthalic 
anhydride leading to higher strength due to intense cross linking of polymer 
chains just like the structure of a fabric as seen in the SEM photographs of 
hardened polymer resin. 
ii) The compressive strength of PC for the sets with PET to glycol ratio of 2:1 is 
more than that of 1:1 vv'ith exception of group III. 
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iii) The compressive strength of polymer concrete of group I (set 1 and 2) is more 
than that of group II (set 3 and 4). This may be due to the presence of phthalic 
anhydride in group I, which provides better site for the formation of cross 
chains. The compressive strength of polymer concrete of group III (set 5 and 
6) is more than that of group IV (set 7 and 8). 
iv) Amongst all the sets, set 5 has the highest compressive strength of 42.22 MPa 
followed by set 6 which has compressive strength of 35.56 MPa. Both the sets 
have MEKP as initiator and Maliec and phthalic anhydride as dibasic acids. 
Amongst all the sets, set 3 has the lowest compressive strength of 20 MPa. 
The result is consistent with the result of polymer mortar. 
8.5.2 Stress Strain Curves 
i) The ultimate crushing strain of PC produced with MEKP as initiator (i.e. 
group III and IV comprising of set numbers 5 to 8) is less than the crushing 
strain of PC produced with BPO as initiator (i.e. group I and II comprising of 
set numbers 1 to 4). This is also confirmed from the SEM photographs, 
wherein the linkages shown in the case of MEKP are more in numbers. 
ii) The ultimate crushing strain for PC produced with BPO as initiator (i.e. groups 
I and II) with PET to glycol ratio of 2:1 is less than that of 1:1. Whereas it is 
vice versa in the case of PC produced with MEKP as initiator (i.e. groups III 
and IV). 
iii) The ultimate crushing strain of polymer concrete of group I (set 1 and 2) is 
more than that of group II (set 3 and 4). 
iv) Amongst all the sets, set 4 has the highest ultimate crushing strain of 5.69% 
followed by set 3 and set 2 which have a ultimate crushing strains of 5.21% 
and 4.35% respectively. Whereas, set 6 has the lowest ultimate crushing strain 
of about 1.59%. 
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v) All the stress strain curves are Linear in the beginning followed by parabolic 
curve. The curve is linear upto 33.60% to 85.26% of compressive strength. 
The beginning of parabolic curve indicates the initiation of breaking of 
linkages, thus leading to the development of micro cracks. 
vi) In all the sets except sets 2 and 3, Poisson's ratio is almost constant upto a 
certain stress level and thereafter it increases till the failure of the specimen. 
The increase in Poisson's ratio close to the failure of the specimen is due to 
the rapid growth of micro-cracks in PC. 
8.5.3 Modulus of Elasticity 
i) The modulus of elasticity of PC produced with MEKP as initiator (i.e. group 
ill and IV comprising of set numbers 5 to 8) is more than the modulus of 
elasticity of PC produced with BPO as initiator (i.e. group 1 and II comprising 
of set numbers 1 to 4). 
ii) There is no definite trend of the variation of modulus of elasticity when the 
PET to glycol ratio is varied. 
iii) The modulus of elasticity of polymer concrete of group III (set 5 and 6) is 
more than that of group IV (set 7 and 8). 
iv) Amongst all the sets, set 5 and 6 have the highest modulus of elasticity of 3.33 
GPa followed by set 1 and 8 which have the modulus of elasticity of 2.22 GPa. 
Both the sets 5 and 6 have MEKP as initiator and Maliec and phthalic 
anhydride as dibasic acids. Whereas, set 3 has the lowest modulus of elasticity 
of 0.48 GPa. The result is consistent with the result of compressive strength of 
polymer concrete. 
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8.6 FLEXURAL STRENGTH OF PC 
i) The flexural strength of un-reinforced PC produced with MEKP as initiator 
(sets 5 and 6) is more than the flexural strength of un-reinforced PC produced 
with BPO as initiator (sets 1 and 2). This is consistent with the compressive 
strength of polymer concrete. 
ii) The flexural strength of un-reinforced PC beams having PET to glycol ratio of 
1:1 is more than that of 2:1 for both the cases of MEKP and BPO. 
iii) For the same PET to glycol ratio of 1:1, the flexural strength of PC of set 5 
produced with MEKP as initiator was about 5.2% more than the flexural 
strength of PC of set 1 produced with BPO as initiator. Whereas, for the same 
PET to glycol ratio of 2:1 flexural strength of PC of set 6 produced with 
MEKP as initiator was 14.9% more than the flexural strength of PC of set 2 
produced with BPO as initiator. 
i v) Amongst all the four sets (set 5,6,1 and 2), the flexural strength of PC of set 5 
is highest at 9.310 MPa, v/hereas, it is minimum for set 6. 
v) The flexural strength of un-reinforced PC varies from 21 to 35% of its 
compressive strength. On the other hand, the flexural strength of un-reinforced 
cement concrete of the same grade varies from 10 to 14% of it compressive 
strength. 
vi) The ultimate deflection of the un-reinforced PC beams produced with MEKP 
as initiator (sets 5 and 6) is less than the ultimate deflection of the beams 
produced with BPO as initiator (sets 1 and 2). The results are in conformity 
with the crushing strain obtained for PC cubes. 
vii) The ultimate deflection for PC beam produced with BPO as initiator with PET 
to glycol ratio of 2:1 is less than that of 1:1. Whereas it is vice versa in the 
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case of PC beams produced with MEKP as initiator. This result also 
corroborates the strain results obtained for PC cubes. 
viii) The load-deflection curves PC beams are linear in the beginning followed by 
parabolic curve with large curvature. There is sudden drop in load at failure. 
ix) The failure of all the beams of different sets of PC occurred by flexural 
cracking in the middle third portion with almost a vertical crack. No cracks 
were observed outside the middle third portion of the beam. The failure 
occurred by the formation of only one crack, thus dividing the beam in two 
pieces, but the two pieces were still connected at failure. No local crushing of 
the material was observed at the four load points. 
8.7 BOND STRENGTH 
i) The polymer concrete produced by using MEiKP as initiator and having PET 
glycol to ratio of 1:1 (set 5) has the highest bond strength as compared to other 
combinations. For this set of PC, the steel bar got fractured without bond slip 
failure, which indicates that the actual bond strength is much higher. 
ii) The bond strength of PC produced with MEKP as initiator is higher than the 
bond strength of PC produced with BPO as initiator. This is valid for both the 
PET to glycol ratios considered in the study. 
iii) The bond strength of PC with PET to glycol ratio of 1:1 is greater than that of 
2:1 in the case of MEKP as initiator (set 5 and 6)and it is vice versa in the case 
of BPO as initiator (set 1 and 2). 
iv) The bond strength of PC produced with MEKP as initiator is 25.5 and 28.5% 
of the compressive strength for the two PET to glycol ratios of 1:1 and 2:1 
respectively, which is much higher than the bond strength of PC produced 
with BPO, wherein the corresponding values are 2.16 and 9.93%. 
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v) When the PET to glycol ratio is increased from 1:1 to 2:1, the bond strength 
decreases marginally in the case of PC produced with MEKP as initiator. 
Whereas, in the case of PC produced with BPO as initiator, the increase in 
PET to glycol ratio from 1:1 to 2:1, results in considerable increase in the 
bond strength (360%). 
vi) The bond strength of polymer concrete produced with MEKP as initiator is 
much higher than the bond strength of plain cement concrete of equivalent 
grade. But the bond strength of PC, having BPO as initiator was less than the 
bond strength of plain cement concrete. 
vii) The polymer concrete made of BPO as initiator with PET to glycol ratio of 1:1 
has higher slip as compared to the slip observed in the PC with PET glycol 
ratio of 2:1. But on the contrary the PC made with MEKP as initiator and 
having PET glycol to ratio of 1:1 has a smaller slip than the slip observed in 
PC with PET to glycol ratio of 2:1. The load slip pattern for all the four sets of 
PC is almost linear. 
8.8 LOAD DEFLECTION BEHAVIOUR OF REINFORCED PC BEAMS 
i) The load-deflection curves are linear in the beginning, and then there is a small 
drop in the load followed by a parabolic curve. The ultimate deflection of 
reinforced PC beams is 4 to 6 times that of the ultimate deflection of un-
reinforced PC beams, thus indicating the ductile nature of reinforced PC 
beams. 
ii) The Load carried by reinforced PC beams (except PC beam of set 6) is 53 to 
150% higher than the load carried by un-reinforced PC beams. 
iii) The load carried by reinforced PC beams (except PC beam of set 6) is 116 to 
241% higher than the load carried by reinforced CC beam, which may be due 
to higher compressive strength of PC as compared to CC taken in the study. 
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iv) The failure of reinforced PC beams is through the development of distributed 
cracks in the middle third portion of the beam. 7^ he final failure of the beam is 
by widening of one of these cracks. 
8.9 SHEAR STRENGTH OF PC 
i) The shear strength of beam decreases with increase in the shear span to depth 
ratio (a/d ratio) for the PC of sets 5 and 1 having PET to glycol ratio of 1:1. 
Whereas, for PET to glycol ratio of 2:1 for both the cases of BPO and MEKP 
(set 6 and 2), the shear strength decreases upto a/d ratio of 2 and thereafter it 
increases slightly. 
ii) The failure of PC beams with a/d ratio 1 was sudden and brittle, which became 
ductile for higher a/d ratios. 
iii) The shear strength of PC varies from 1.53 MPa for set 5 to 1.78 MPa for set 6. 
The shear strength of PC of equivalent grade is almost four times that of 
cement concrete. 
8.10 DESIGN METHODOLOGY FOR BEAMS AND PLATES 
i) The flexural analysis procedure has been developed for plain and reinforced 
(singly and doubly) PC sections. An exhaustive methodology for its design of 
PC sections has been developed. The design is based on the behaviour of 
material as observed through experiments. The limit state approach of design 
has been adopted. 
ii) The ultimate tensile strain of all sets of PC being more than the yield strain of 
HYSD steel bars of Fe 415 grade steel, the PC will not fracture at the initiation 
of the yielding of steel, which is contrary to the ordinary cement concrete, 
whose ultimate tensile strain is much lower than the yield strain of steel. Thus 
the ordinary cement concrete gets cracked much before the initiation of the 
yielding of steel due to which the contribution of tensile strength of concrete is 
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ignored in flexural analysis. It is due to this reason that the tensile strength of 
PC has been considered in the proposed flexural analysis. The tensile strength 
of PC in the cover portion of tension steel has been ignored for the simplicity 
of the analysis. However, flexural analysis by ignoring tensile strength of PC 
is also developed. 
iii) The stress blocks to be used in flexural analysis have been proposed for 
compression as well as tension. 
iv) The percentage increase in moment of resisteince when tensile strength of PC 
is considered was 48%, 36% and 19%, in the case of PC of set 5, 6 and 2 
respectively. Whereas the increase in the moment of resistance in the case PC 
of set I is almost negligible, wherein bond failure was observed. 
v) The results of flexural analysis of plain and reinforced PC sections have been 
validated with the experimental results of plain and reinforced PC beams. The 
validation is good and acceptable. 
vi) The moment curvatures relation of plain and reinforced PC beams is linear in 
the beginning followed by a flat curve. The value of ultimate strain for 
reinforced PC beams is 10 to 20 times that of yield strain for the four sets (5, 
6, I and 2), which shows that there is sufficient rotation capacity in the section 
thus permitting the application of limit analysis for the design of reinforced PC 
cross sections. 
8.11 FAILURE CRITERIA OF PC 
i) The failure criteria for polymer concrete under combined states of stress has 
been developed. Two failure surfaces, namely Mohr-Coulomb and Drucker-
Prager are suggested for failure modeling of PC. The model parameters of the 
two failure surfaces have been obtained from experimental results. 
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ii) The uni-axia) compressive strength and uni-axial tensile strength of PC 
predicted from Mohr-Coulomb criteria developed from tri-axial testing of the 
material compare well with the uni-axial compressive and tensile strength 
determined independently. 
iii) The inherent advantage of smoothness and continuity of flow direction makes 
the Drucker-Prager failure surface as a better choice than Mohr-coulomb 
surface for its adoption in practice. 
iv) On the basis of the tri-axial test results, PC produced with MEKP as initiator 
(set 5) is better than PC produce with BPO as initiator (set 2). 
On the basis of the results pertaining to the behaviour of polymer concrete of all the 
nine sets considered in the study , some of the sets are good in flexural response and 
some other are good in shear and bond behaviour, The best would be one, whose 
behaviour is good or at least acceptable for some of the parameters. The PC produced 
with MEKP as initiator with PET to glycol ratio of 1:1 (i.e. set 5) and BPO as initiator 
with PET to glycol ratio of 2:1 (i.e. set 2) are thus the best among all. 
8.12 RECOMMENDATIONS FOR FURTHER RESEARCH 
The polymer concrete produced from recycled plastic waste being a new material 
developed in the present work, there is no dearth of suggestions for further research. 
However, major recommendations are given in the following: 
i) The proportions of various chemicals and materials used shall be varied to 
obtain better and improved quality of polymer concrete, 
ii) The other alternate chemicals shall be tried so as to make the PC thus 
produced as economically viable, 
iii) The shear strength of PC for varying percentage of steel need to be 
investigated for developing shear design procedure for PC beams. 
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iv) Minimum percentages of flexural and siiear reinforcement need to be 
established through exhaustive experimental testing, 
v) The material is required to be tested for torsion and combined action of 
different stresses, 
vi) The durability studies for the material need to be conducted before its adoption 
in practice. 
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